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Skeletal concentrations in mudstones may represent local facies produced by storm 19 
winnowing in shallow water, or time-specific deposits related to intervals of diminished sediment 20 
supply. Upper Ordovician (Katian) of the Cincinnati region is a mixed siliciclastic-carbonate 21 
succession including meter-scale cycles containing a shelly limestone-dominated phase and a 22 
mudstone-dominated phase.  23 
The “tempestite proximality model” asserts that shell-rich intervals originated by 24 
winnowing of mud from undifferentiated fair-weather deposits. Thus shell beds are construed as 25 
tempestites, while interbedded mudstones represent either fair-weather or bypassed mud. 26 
Meter-scale cycles are attributed to sea-level fluctuation or varying storm intensity.  27 
Alternatively, the “episodic starvation model” argues, on the basis of petrographic, 28 
taphonomic, and stratigraphic evidence, that, despite widespread evidence for storms or other 29 
turbulence events (e.g. tsunamis), winnowing alone could not generate shell beds where none had 30 
previously existed. Instead, variations in sediment supply are construed as the principal cause of 31 
shelly-mudstone cycles. Shell-rich deposits accrue during periods of siliciclastic sediment 32 
starvation and relatively shell-free mud accumulates during periods of sediment influx.  33 
Tempestite proximality and episodic starvation models lead to contrasting predictions 34 
about proximal-to-distal facies patterns. These are: (i) large versus small volumes of distally-35 
deposited, bypassed mud; (ii) proximal grainstones and distal packstones versus distal grainstones 36 
and proximal packstones; and (iii) proximal versus distal amalgamation and condensation of shell 37 
beds. 38 
In this paper, these predictions are tested by (i) comparing meter-scale cycles from 39 
different horizons and depositional environments through the lower Cincinnatian succession 40 
(Kope through McMillan Formations representing deep subtidal through intertidal environments), 41 
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and (ii) correlating intervals and individual meter-scale cycles from the Fairview Formation of the 42 
Cincinnati Arch (shallow subtidal) north and west into the Maquoketa Shale (deep subtidal) in 43 
subsurface of Ohio and Indiana. Both approaches show patterns consistent with episodic 44 
starvation, not winnowing, including: (i) small differences in stratigraphic thickness indicate small 45 
volumes of bypassed mud; (ii) discrete distal deep-water grainstones that splay proximally into 46 
bundles of thinner shallow-water packstones alternating with shelly muds show that grainstones 47 
formed from a lack of, rather than removal of mud; and (iii) distal shell bed amalgamation and 48 
condensation (and corresponding proximal splaying) of shell beds shows a proximal source of 49 
mud. 50 
Thus, winnowing by storms or other turbulence events did not generate shell beds or 51 
cycles from undifferentiated sediments despite abundant evidence for storm deposition. High-52 
resolution correlations imply that the shell-bed and mud-bed hemicycles reflect simultaneous 53 
basin-wide changes in sedimentary style rather than contemporaneous facies belts that track sea-54 
level. In this sense, shell-rich and mud-rich hemicycles are “non-Waltherian” facies. 55 
 56 
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1. Introduction 60 
Shell beds are common in Phanerozoic marine sediments, but their multiple possible 61 
origins lead to different predictions about their extent and distribution within a basin. Kidwell 62 
(1986a, 1991a) listed three factors that might contribute to the formation of a shell bed: (i) 63 
increased biological shell production, (ii) decrease in non-shelly (including siliciclastic) 64 
sedimentation, or (iii) active reworking and bypass removal of non-shelly sediments. Some studies 65 
have concentrated on the first two factors, shell production or sedimentary dilution (Walker & 66 
Alberstadt 1975; Kidwell and Jablonski 1983; Kidwell & Aigner 1985; Kidwell 1986b; Copper 1997; 67 
Pratt 1998; Tomašových et al. 2006a, b; Pratt & Bordonaro 2007). A significant body of evidence 68 
exists for the third factor, active reworking (or winnowing) in shell beds, attributed to storms 69 
(Aigner 1985; Liang et al. 1993; Meng et al. 1997; Saltzman 1999; Myrow et al. 2004; DiBenedetto 70 
and Grotzinger 2005) or, in exceptional cases, tsunamis (Pratt 2001a; Pratt 2002; Weiss & Bahlburg 71 
2006; Pratt & Bordonaro 2007; Puga-Bernabéu et al. 2007; Dawson & Stewart 2007; Donato et al. 72 
2008). The implication is that winnowing or transport is the principal agent of shell bed 73 
accumulation.  74 
Does evidence for winnowing imply that winnowing or sediment transport is the principal 75 
factor in the formation of a shell bed, or are winnowing events a subsidiary part of the process of 76 
shell gravel accumulation? This question has become a focus of study in the Cincinnati Ordovician, 77 
a succession of interbedded shell beds and mudstones (Brett & Algeo 2001a; Brett et al. 2008b; 78 
Dattilo et al. 2008). Cincinnatian shelly limestones, often called “tempestites” or “storm beds” 79 
(Jennette & Pryor 1993; Holland et al. 2001; Drummond & Sheets 2001; Webber 2002), appear to 80 
be primarily a product of shell growth during periods of low siliciclastic input, with or without 81 
evidence of winnowing.  82 
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Of Kidwell’s (1986a, 1991a) three factors, increased biological production (e.g. Walker & 83 
Alberstadt 1975) in the absence of outside forcing factors or long-distance transport was 84 
eliminated from consideration (Dattilo et al. 2008) because it predicts random distribution of 85 
patchy lenticular shell accumulations (Scotford 1965; Anstey & Fowler 1969; Harris & Martin 86 
1979), which does not match the observation that limestone beds and cycles can be correlated for 87 
long distances (Jennette & Pryor 1993; Dattilo 1996, 1998; Brett & Algeo 2001a; Brett et al., 2003; 88 
Kirchner & Brett 2008). In this paper we test the remaining two factors as models outlined by 89 
Dattilo et al. (2008): (i) the storm-winnowing and tempestite proximality models (e.g. Kreisa 90 
1981a, Aigner 1985; Jennette & Pryor 1993), which suggest winnowing as a principal agent for 91 
shell bed generation; and (ii) the episodic starvation model (e.g. Brett & Algeo 2001a; Brett et al. 92 
2008b; Dattilo et al. 2008), which proposes shell accumulation during periods of sediment 93 
starvation as the dominant process. Specifically, we test predictions about how shell beds and 94 
meter-scale cycles should change from intertidal through deep subtidal facies. This study 95 
compliments the papers of Dattilo et al. (2008) and Brett et al. (2008b), which present detailed 96 
analyses of local bedding-scale features visible in single outcrops. It is also a continuation of the 97 
efforts of Brett et al. (2008b; also Jennette & Pryor 1993, Dattilo 1996, 1998; Holland et al. 2001, 98 
Miller et al. 2001; Brett and Algeo 2001a; and Kirchner and Brett 2008) who traced individual beds 99 
and cycles within subtidal facies in outcrop and in the subsurface. 100 
2. Background 101 
2.1. Lower Cincinnatian: Paleogeography and Bathymetry. 102 
The Kope, Fairview and McMillan (or Grant Lake) formation strata in outcrop and 103 
subsurface sections in Ohio, Indiana and Kentucky, USA range from Edenian to Maysvillian North 104 
American Stages (approximately middle Katian; Bergström et al. 2006; Figs. 1, 2). We compare 105 
outcrops representing the entire Kope-McMillan succession (Section 4), but make detailed 106 
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correlations (Sections 5.4, 5.5) in a relatively thin interval of Maysvillian strata, specifically the 107 
upper Fairview Formation, including part of the Fairmount Member and Miamitown Shale 108 
submember (Dattilo 1996, 1998; Schramm 2011), and to the lower McMillan Formation, especially 109 
the Bellevue Member. 110 
2.1.1. Paleogeography 111 
The paleogeography of the Cincinnati region is consistent with both storm influence and 112 
intermittent sediment starvation. The position of the study area, between 20° and 25° south 113 
paleolatitude during the Late Ordovician, combined with the orientation of the continent at that 114 
time (Scotese 1990; Fig. 1A), would have made the area susceptible tropical storms (Tobin & Pryor 115 
1981, Kreisa 1981b, Kreisa & Bambach 1982, Jennette & Pryor 1993). At the same time, the 116 
nearest sediment source was the rising Taconic Orogen to the east (Bretsky 1970, Keith 1989, 117 
Ettensohn 1992, Pope and Read 1997, Ettensohn et al. 2002; Fig. 1A). The Taconic foredeep and 118 
forebulge may have formed a topographic barrier that trapped siliciclastic sediments shed from 119 
the Taconic Highlands. Dark shales of the Martinsburg Formation in the foredeep thin as they 120 
grade westward into the sediments of the Reedsville Formation and the mixed siliciclastic 121 
carbonates of the Cincinnatian beyond the forebulge in the Lexington Platform.  Cincinnatian 122 
mixed carbonates thicken to the northwest and grade into the dark shales of the Seebree Trough 123 
which appear to pinch out further northwest in the Illinois Basin (Fig. 1B, shaded isopachs; 124 
modified from Hohman 1998).  125 
2.1.2. Paleobathymetry 126 
The Kope-McMillan/Grant Lake succession consists of cyclically-interbedded mudstones 127 
and limestones whose fluctuating carbonate content is apparent in borehole geophysical logs (Fig. 128 
2), and in outcrop (Fig. 3). The generally upward-increasing limestone content of this succession 129 
has been taken to indicate a shoaling-upward trend (Anstey & Fowler 1969, Weir et al. 1984). 130 
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Quantitative analyses of fossil assemblages throughout the succession support these conclusions. 131 
Species characteristic of the shallowest part of this depth gradient are common in the Fairview 132 
and Bellevue units (Dattilo 1996, 1998; Diekmeyer, 1998), while species representing the deepest 133 
part of this gradient are restricted to the Kope formation(Holland et al. 2001, Miller et al. 2001, 134 
Webber 2002).  135 
Evidence of the depth tolerances of fossils species is found in their morphology. Among 136 
brachiopods, for example, small thin-shelled forms typified by Cincinnetina (formerly Dalmanella; 137 
Jin 2011) and Sowerbyella are characteristic of the Kope Formation, while larger, thicker shelled 138 
and more robust forms like Rafinesquina and Platystrophia cf. laticosta are associated with the 139 
Fairview Formation. Robust forms like Platystrophia ponderosa and Hebertella along with large 140 
varieties of Rafinesquina are typical of the Bellevue Member. Thin ramose bryozoan colonies 141 
dominate the Kope Formation, while thicker ramose forms are associated with the Fairview 142 
Formation, and thick frondose to massive forms are associated with the Bellevue and other 143 
shallower parts of the McMillan Formation.  144 
Holland and Patzkowski (1996) summarized the shallowing-upward interpretation and 145 
concluded that, in the immediate vicinity of Cincinnati, the Kope lithology represents deep 146 
offshore deposits near and below deep storm wave base (>30m), the Fairview shallow offshore 147 
near average swb (15-30m) and the McMillan nearshore to shoreface deposits, (i.e. approaching 148 
normal wb; 10-15m). Comparable depth estimates have been inferred from the distribution of 149 
microendolithic borings of photoautotrophs (Vogel and Brett 2009). The southward correlative of 150 
the lower McMillan Formation is the Ashlock Formation (Weir et al. 1984), which includes 151 
laminated and mud-cracked dolomitic silt peritidal deposits. This facies distribution suggests an 152 
average seafloor gradient of approximately 1:10,000. 153 
2.2 Development of the Tempestite Proximality Model and the Episodic Starvation Model 154 
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Kreisa (1981a, 1981b; Kreisa & Bambach 1982) first suggested that storm winnowing was 155 
responsible for creating the limestone-mudstone interbeds of the Martinsburg Formation of 156 
Virginia, of the type Cincinnatian, and of midwestern North America, respectively. Evidence 157 
supporting this model was a suite of sedimentary structures found in a repeated bedding scale 158 
lithologic succession. Soon thereafter, Tobin, in his PhD dissertation (1982) hastily grafted aspects 159 
of Kreisa’s (1981a, b) storm-winnowing model onto a previously-developed (Tobin & Pryor 1981) 160 
depositional model for Cincinnati rocks. Tobin (1982) also recognized meter-scale cycles and 161 
estimated their duration at 57 ka based on number of cycles and duration of the Cincinnatian 162 
interval. He argued that they reflected climate cycles, as did Ellwood et al. (In Press), who 163 
recognized a dominant 30.5 ka obliquity cycle. The Tobin (1982) storm model was never formally 164 
published.  165 
Subsequently the storm-depositional model was elaborated and applied to numerous 166 
mixed successions (Brett 1983, Aigner 1985, Johnson and Baldwin 1986, Duke et al. 1991, Dattilo 167 
1993 and others), resulting in two component models: 1) the storm-winnowing model (Kreisa 168 
1981a), wherein storms winnow the subtidal seafloor to make shell beds, and 2) the tempestite 169 
proximality model (Aigner 1985) in which fluctuations in sea-level and/or storm frequency and 170 
intensity lead to changes in storm wave base, which, in turn, lead to variations in seafloor 171 
winnowing to make sedimentary cycles.  172 
The process of storm winnowing is integral to both models. If storm winnowing is the 173 
principal agent in generating shell-mud interbeds (Kreisa 1981a, Kreisa & Bambach 1982), then it 174 
must concentrate originally undifferentiated sediments: an unsorted mixture of allochthonous 175 
siliciclastic mud transported into the basin and autochthonous shells (Dattilo et al. 2008). As a 176 
storm passes, storm waves resuspend this fair-weather sediment, and sort it as they redeposit it. 177 
Shells settle first, followed by shell fragments, siliciclastic silt and then clay-sized mud.  178 
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During a particular storm event, shallower portions of the seafloor suffer more intense 179 
winnowing than deeper seabeds, and winnowing diminishes to zero as depth approaches storm 180 
wave base (Kreisa 1981a, Kreisa & Bambach 1982, Aigner 1985; Fig. 4). On a sloping seafloor, the 181 
waxing-phase storm waves are refracted into shallow water where wave setup leads to a buildup 182 
of water—part of the storm surge. This excess water returns down-ramp as waning-phase gradient 183 
currents. These currents transport the finer sediments into deeper water, where storm winnowing 184 
is weak or absent (Aigner 1985). The effect is that the proximal storm deposit is enriched in shells 185 
by removal of the fine fraction to deeper water and the distal storm deposit is enriched in mud by 186 
the addition of the resuspended fine fraction. 187 
Jennette & Pryor (1993) adapted the storm-depositional model to explain Cincinnatian 188 
shell beds and cycles. In their search for evidence of storm deposition, they documented details of 189 
the cyclic succession and established that Tobin’s (1982) meter-scale cycles and certain beds could 190 
be correlated over tens of kilometers laterally. Subsequent workers (Miller et al. 1997, Holland et 191 
al. 1997, Miller et al. 2001, Drummond & Sheets 2001) expanded cycle descriptions and 192 
correlations while continuing to cite the tempestite model, or no model at all, until Holland et al. 193 
(2001; also Webber 2002) concluded that there were no significant depth-related ecological 194 
differences between the faunal assemblages of the muddy and shelly cycle phases. This 195 
observation spurred Holland et al. (2001; also Holland 2008) to revise the tempestite proximality 196 
model by postulating climatic changes in storm intensity, rather than eustatic changes in water 197 
depth (Section 3.1.).  198 
Kidwell (1985, 1986b, 1991b, 1998), as well as Baird (1981), Brett and Baird (1986, 1996), 199 
and Parsons and Brett (1988) had earlier argued that sediment supply was a principal controlling 200 
factor in the development of shell beds with or without winnowing. In the Cincinnatian, Brett & 201 
Algeo (2001a), Brett et al. (2003, 2008b) and Dattilo et al. (2008) reviewed the available evidence 202 
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and concluded that, despite the evidence for winnowing, sediment supply was principally 203 
responsible for generating Cincinnatian beds and cycles. Dattilo et al. (2008) suggested two 204 
possible mechanisms for delivering sediment to the region in 20-40 ka pulses: (i) wet-dry climate 205 
fluctuations that result in varying rates of erosion and therefore sediment supply from the source 206 
area.; or (ii) sediment trapping in the nearshore areas during minor relative sea-level rise and 207 
sediment flushing during relative sea-level fall (also Brett et al. 2008b). 208 
2.3. Storm winnowing and “precursor” sediments: why storms do not explain shell beds 209 
These arguments against the tempestite model as an explanation of shell bed genesis are 210 
based on an exploration of its two components: the storm-winnowing model and the tempestite 211 
proximality model. Brett et al. (2008b) and Dattilo et al. (2008) concentrated on the storm-212 
winnowing model and Kreisa’s (1981a) claim that storm processes were responsible for winnowing 213 
sediments in situ to form shell beds where none had existed previously. This implies an 214 
undifferentiated fair-weather “precursor” sediment (Dattilo et al. 2008), but such sediment does 215 
not exist: 216 
1) Most mudstone units consist of discrete, shell-poor, thin- to medium-bedded intervals 217 
interpreted as event deposits possibly related to storms (Tobin and Pryor 1981, Jennette and Pryor 218 
1993, Potter et al. 2005, Kohrs et al. 2008, Brett et al. 2008b, Dattilo et al. 2008).  219 
2) Those mixed shelly muds that do exist are either already concentrated into grain-220 
supported shell beds (Dattilo et al. 2008), or consist of bedding-plane shell pavements within 221 
barren mudstone intervals. Neither deposit meets the criteria of a precursor deposit (Dattilo et al. 222 
2008). 223 
3) Kreisa (1981a) suggested that fossiliferous mudstones should be more common where 224 
there were fewer winnowing events to consume them, and claimed that field observations 225 
confirmed this prediction. Dattilo et al. (2008) tested this hypothesis and demonstrated the 226 
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opposite pattern: shell-rich muds are associated with shell-bed limestones and are less abundant 227 
in thick mudstone intervals. 228 
4) Dattilo et al. (2008) estimated that shell beds contain, on average, 60 times as much shell 229 
material as typical mudstone units. This suggests that winnowing up to six meters of mudstone 230 
would only generate a ten-centimeter shell bed (Dattilo et al. 2008), not accounting for 231 
compaction; typical muds undergo at least three-fold compaction; thus, a decimeter scale shell 232 
bed might require removal of more than 18 meters of sediment. No more than about 50 cm of 233 
erosion has been documented below any Cincinnatian shell bed (Brett et al. 2008b). Thus, storm 234 
winnowing alone would have been ineffective at concentrating shells from typical mudstone-235 
dominated intervals. 236 
Conversely, Brett et al. (2008b) and Dattilo et al. (2008) argued that shell beds formed by 237 
growing in place over long time periods, with only minimal concentration by winnowing, and that 238 
shell bed growth was halted by sudden influxes of blanketing mud: 239 
1) The bedding-plane shell pavements commonly show unique fauna and may preserve multi-240 
element skeletons (e.g. Hughes & Cooper 1999, Hunda et al. 2006). Some of these unique obrution 241 
deposits have been traced for tens to hundreds of kilometers by paleontologists and amateur 242 
collectors, indicating large-scale blanketing by mud deposits (Brett et al. 2008b,c). Rapid burial of 243 
the seafloor also explains the preservation of undisturbed complex bryozoan colonies scattered in 244 
patches across large bedding-plane exposures (Dattilo et al. 2008). These thin, discontinuous 245 
biostromes, recording patchy communities at the time of burial, were not concentrated by 246 
winnowing of previously undifferentiated shelly mud.  247 
2) Un-winnowed shell-beds are common in certain intervals. Some beds are not winnowed at 248 
the base, but are winnowed at the top. These demonstrate that shell beds initially accumulated 249 
without storm influence (Dattilo et al. 2008). 250 
12 
 
3) Evidence of obrution of live organisms at the tops of fragmented shell beds is common and 251 
includes edrioasteroid-encrusted shell pavements (Meyer 1990) and live-burial and escape 252 
response of brachiopods (Dattilo 2004, Dattilo et al., 2009). Most shells in these beds display a 253 
range of breakage, abrasion, and discoloration states (Brett et al. 2008b, Kolbe 2011). This 254 
suggests that such beds were exposed to multiple winnowing-recolonization-exposure cycles, with 255 
the last generation of colonizers preserved by blanketing mud deposits that ended shell bed 256 
growth (Brett et al. 2008b, Dattilo et al. 2008). 257 
4) Concretions found in mudstone centimeters below thicker, comminuted shell 258 
concentrations would have required thousands of years to form at shallow depth (Pratt 2001b; 259 
Brett et al. 2008b, 2011). At certain levels, concretions are reworked, and bored or encrusted by 260 
epibionts (Wilson 1985; Brett et al. 2003, 2008b, 2011). Reworked concretions suggest that 261 
associated shell beds were generated by accumulation and submarine erosion during prolonged 262 
periods of slow or no siliciclastic deposition at the sea bottom, which subjected them to numerous 263 
storms and other high-energy winnowing events (Brett et al. 2003, 2008b). 264 
3. Model predictions 265 
While the storm winnowing and episodic starvation models make divergent predictions 266 
about sediments, biota, and preservation that might be observed at a single locality (Dattilo et al., 267 
2008), they contrast more when depth and proximality are taken into account. This study focuses 268 
on the ability of these models to predict observed characteristics of cycles across depth gradients.  269 
3.1. Tempestite Proximality Model  270 
The premise of Aigner’s (1985) tempestite proximality model is that a single storm 271 
winnows less effectively in deeper water and does not winnow below storm wave base, but 272 
deposits bypassed mud. Thus over time the effects of multiple storms would be recorded by a 273 
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single amalgamated shell bed in proximal settings, which should “splay” distally into single-event 274 
shell beds, each separated by thicker deposits of storm-bypassed fine sediment.  275 
This is a result of the additive effects of differences between shallow and deep water 276 
deposits over time (Fig. 5). When storms are sufficiently frequent and strong, multiple storms will 277 
create a single thick amalgamated shell bed (Aigner 1985). Repeated reworking is accompanied by 278 
distal transport of fines, or sediment bypass, which results in the complete removal of fine-grained 279 
sediments from up-ramp areas. 280 
The  tempestite proximality model (Aigner 1985) explains the origin of meter-scale cycles 281 
by fluctuations in the frequency and intensity of storms affecting a given portion of seafloor. 282 
Fluctuations in water depth (Aigner 1985) or, alteratively changes in the intensity and/or 283 
frequency of storms (Holland et al. 2001, Holland 2008) have been invoked to explain cycles. 284 
Changes in water depth would move the seafloor with respect to wave base, while changes in 285 
storm intensity would move storm wave base with respect to the seafloor, and changes in storm 286 
frequency would affect the seafloor directly. Changing any of these factors over time would yield 287 
variation in the intensity of storm winnowing, altering shell-bed thickness and frequency. These 288 
variations would lead to Waltherian facies tracking (Teichert 1958), wherein the muddy phase 289 
could be traced proximally into shell-rich deposits similar to the shelly phase sediments above and 290 
below (Fig. 5).  291 
  Thus, the tempestite proximality model (Aigner 1985) predicts that, travelling proximally 292 
in the shallow subtidal environment (above storm wave base) one should observe progressively 293 
more shell beds that are more intensely-winnowed and thicker, separated by progressively thinner 294 
muddy intervals. Farther shoreward, individual shell beds should merge to form amalgamated 295 
beds. Above fair-weather wave base, in the shallow subtidal environment, the winnowing power 296 
of storms is greater and is supplemented by fair-weather waves, reworking and sediment bypass 297 
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should be thorough—“background” sediment should be absent, and fines should be minimal. Here 298 
one should find thicker accumulations of comminuted shells. In deep-water down-ramp facies, at 299 
the deep end of the facies spectrum, the winnowed mud accumulates one storm bed at a time, 300 
resulting in a continuous deposit as well.  301 
Amalgamated shell beds traced down ramp should pass distally into thinner, less 302 
amalgamated shell beds, which repeatedly split or “fan out” into multiple component event beds 303 
below fair-weather wave base. These distally fanning shell beds should be separated from each 304 
other by mud and silt layers transported from winnowed deposits up-ramp. The cumulative 305 
thickness of these mud layers should increase, even as amalgamation decreases. Likewise, more 306 
muddy shell beds (packstones or wackestones) should appear down-ramp. On approach to 307 
average storm wave base, most storm beds, having been repeatedly split from the amalgamated 308 
beds up-ramp, should represent single events influenced less by reworking and more by 309 
deposition. In this interval both fossiliferous fair-weather mudstones and unfossiliferous storm-310 
deposited mudstones should be common. Further progression below storm wave base should 311 
result in the thinning and eventual disappearance of the shell bed components and a concomitant 312 
thickening of the mud depositional component of the storm beds—the volume of which would be 313 
directly related to the volume of muds removed by winnowing from up-ramp locations. Because 314 
carbonate production decreases with depth, fossiliferous fair-weather mudstones should also 315 
disappear. 316 
3.2. Episodic starvation model 317 
In the episodic starvation model (Fig. 6), proximality affects the supply of terrigenous 318 
sediments transported from the source area, while depth controls the rate of carbonate 319 
production and destruction. Dattilo et al. (2008) proposed two possible mechanisms to explain 320 
fluctuating sediment supply at the 40 ka scale. First, climate may have fluctuated in the source 321 
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area causing variable erosion rates and consequently sediment delivery to the basin (climate-322 
modulated episodic starvation; Fig. 6A, B). Second, a relatively steady sediment supply to the basin 323 
may have been modulated by slight eustatic fluctuations, the sediment having been alternatively 324 
trapped nearshore during sea level rise then flushed into the basin during sea level falls (sea level 325 
modulated episodic starvation; Brett et al. 2008b; Fig. 6C, D). These models result in similar 326 
predictions about subtidal facies, but might be differentiated by a close examination of peritidal 327 
facies.  Mountainous areas generate significantly larger volumes of mud in tropical wet climates 328 
than in dry climates (Potter et al. 2005). Thus wet-dry climatic cycles could explain cyclic sediment 329 
delivery from the Taconic Orogen, located in the subtropical belt at this time. Changes in global 330 
circulation might have altered the climate from that of a subtropical desert (generating little or no 331 
sediment; Fig. 6A) to a more humid tropical setting (generating large amounts of sediment; Fig. 332 
6B) in periods of 40,000 years or less. Similar fluctuations have been implicated in wet-to-dry 333 
cycles in the mid-continent Carboniferous (e.g. Olszewski & Patzkowski, 2003). 334 
The eustatic mechanism (Fig. 6C, D) depends on coastal sediment trapping. Silty sediments 335 
in the Cincinnati region thicken to the southeast, suggesting a source in the southern Taconic 336 
Foreland Basin. If this foreland basin was overfilled by Cincinnatian time, it would have formed a 337 
low-gradient seaward-dipping ramp. On such a ramp, slight changes in sea level have significant 338 
effects on ramp flooding. Sea-level rise would trap sediment in flooded estuaries or coastal 339 
mudflats leading to sediment starvation in offshore areas of the basin (Fig. 6C). Conversely, sea 340 
level fall would have resulted in exposure and erosion of sediments from the same mudflats and 341 
their deposition further offshore (Fig. 6D).  342 
 A “siliciclastic phase reversal” would result if sediment supply fluctuations were caused by 343 
small changes in sea level. Here thicker siliciclastic deposits on the coastal mudflats would 344 
correspond to intervals of relative starvation in offshore sediments (also “reciprocal 345 
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sedimentation”: Kidwell 1988, Posamentier et al. 1988; Catuneanu 2002, 2006) resulting in shell 346 
bed accumulation during the transgressive phase. This culminates in condensed bed deposition or 347 
complete sediment starvation in the deeper basin at the maximum flooding surface (e.g. Baum & 348 
Vail 1988, Kidwell 1991b, Catuneaunu 2006), and thicker deposits of mud offshore would 349 
correspond to surfaces of nondeposition and erosion (flat truncation surfaces) in peritidal 350 
environments. Siliciclastic phase reversal would not occur if sediment supply were principally 351 
modulated by climate changes at the source.  352 
 In the sea level modulated episodic starvation model (Fig. 7), the amount of mud that 353 
reaches a point on the ramp is dependent on proximity to the source of sediments, while the in 354 
situ growth of carbonate is controlled not only by the suppressive effects of terrigenous 355 
sediments, but also by the environmental effects that correlate with water depth (James 1997).  356 
In the absence of topographic sediment conduits (e.g. the Sebree Trough may have 357 
channeled sediments into the region; Fig. 1A; Dattilo et al. 2008, Brett et al. 2008b), locations 358 
more proximal to terrigenous sources should receive more sedimentation events, and should 359 
receive more sediment from each event. Such deposition could fluctuate over time, creating 360 
sedimentary cycles characterized by alternating periods of more numerous larger siliciclastic 361 
depositional events and periods of smaller and fewer depositional events.  362 
Some of these events would reach farther into the basin, even during times of relative 363 
siliciclastic starvation. Local skeletal accumulation would be interrupted by progressively more 364 
depositional events in a proximal direction. A long interval of sediment starvation in the distal 365 
basin would correspond to a series of progressively shorter, clear-water periods sandwiched 366 
between increasing numbers of mud event deposits in a proximal direction. This simple pattern 367 
could be modified by winnowing events. Very proximal settings, approaching normal wave base 368 
might show thinning and amalgamation of shell beds. In contrast to the predictions of the 369 
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tempestite proximality model (Aigner 1985), a single thick shell bed in the distal basin should fan 370 
out into numerous thinner shell beds interbedded with muds as it is traced proximally. At such 371 
proximal locations the siliciclastic-starved intervals may be difficult to distinguish from the less 372 
starved mud-event dominated intervals because of upramp mud deposition.  373 
Conversely, as the cycle is traced distally, events in the starved phase would terminate one-374 
by-one, leaving longer clear-water periods sandwiched between fewer depositional events. Mud-375 
rich phases would shorten as the starved phases are lengthened. The corresponding mud-rich 376 
units become thinner and the shell-beds become less muddy. Eventually, beyond the distal range 377 
of smaller deposits, mud might be restricted to a few especially large event deposits whose tails 378 
reach the distal basin.  379 
If shell beds had formed during periods of low sedimentation, then fine-sediment bypass 380 
would have occurred mostly during the high sediment input phases, because more terrigenous 381 
sediment is available for resuspension and transport than during the starved phases (Brett et al. 382 
2008b). Thus, while mud-rich phases of cycles might expand or fan out distally, shell beds would 383 
not.  384 
The effect of water depth and temperature on carbonate production is familiar; carbonate 385 
production is higher in shallow warm waters than in deep cool waters (James 1997). On the 386 
spectrum between starved basin and tropical carbonate platform, the brachiopod-bryozoan 387 
dominated cool-water carbonates of the lower Cincinnatian (Holland 1993, Pope & Steffan 2003, 388 
Saltzman & Young 2005) are close to the starved condition (James & Bone 1994, James 1997). The 389 
normally low net carbonate production rates were likely to have been strongly affected by depth, 390 




Depth and proximality of sediment supply are correlated in this depositional system. In 393 
more proximal, shallow-water environments the shorter and more frequent periods of clear-water 394 
sedimentation are matched by faster growing carbonates. As a result, these intervals should be 395 
characterized by numerous thin interbedded event mudstones and shell accumulations. 396 
Conversely, in the more distal deeper-water environments, the longer periods of low 397 
sedimentation are matched by slow rates of skeletal production. Shell beds should be 398 
consolidated into fewer, thicker units, separated by relatively thick intervals of mud. When traced 399 
further, the slowing carbonate depositional rates would result in thinner, more diagenetically 400 
altered carbonates (Brett et al. 2008b; also Kidwell 1991b) separated by dark gray muds. 401 
3.3. Synopsis of predictions 402 
Both tempestite proximality models suggest that winnowing removes mud from shallow 403 
water environments and deposits it in deeper environments. The mud removed from shallow 404 
environments should be found distally as thick deposits of bypassed mud. Conversely, in the 405 
shallowest facies, the storm-rich phase of the cycle should be represented by a single 406 
amalgamated skeletal grainstone bed formed as mud was removed in multiple storm-winnowing 407 
events (Aigner 1985). As the proximal grainstone is traced to the distal bypass mud deposits, it 408 
should split, “splay”, or “fan out” into a series of less winnowed packstone units separated by thin 409 
muds that thicken further basinward. Assuming that there are any storms during the storm-poor 410 
phase of the cycle, the pattern should be similar, but displaced in an up-ramp direction, so that at 411 
any point along a transect, the proximal storm rich phase should be the lateral equivalent of a 412 
distal storm poor phase.  413 
Both versions of the sediment starvation model predict that shell-dominated units should 414 
be thinner rather than thicker in the distal direction, and that winnowing bypass should be minor 415 
beyond fair-weather wave base.  Limestones should pass distally into more sediment-starved, 416 
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perhaps phosphatic grainstones and eventually to nodular calcareous mudstones, hardgrounds 417 
and concretionary carbonates (Brett et al. 2008a, b, c, 2011). They should splay proximally into 418 
thicker packstone and grainstone bundles rather than merge and thicken into a single massive 419 
grainstone bed.  420 
4. Facies patterns in the Cincinnatian: a test of model predictions 421 
While stratinomic analyses have yielded some important constraints on the mode of 422 
formation of shell beds in the Cincinnatian (Jennette & Pryor 1993, Brett et al., 2008b; Dattilo et 423 
al., 2008), some of the more distinctive predictions of the two models can only be tested by 424 
studying depositional patterns over a range of facies. This has proven difficult.  425 
Historically, one of the challenges of studying facies changes in epeiric deposits is that 426 
gentle depositional dips attenuate facies transitions over long distances (e.g. Miller et al. 2001). 427 
Combined with the cyclicity, and limited exposure of Cincinnatian rocks, this impedes high-428 
resolution correlation across major facies changes. This is compounded in shallow-water facies 429 
which cover less area (e.g. Wilkinson & Drummond 2004) and local changes become more 430 
dramatic.  431 
Many Cincinnatian stratigraphers have indirectly reconstructed lateral facies changes by 432 
applying Walther’s law to large vertical successions such as the Kope through Bellevue interval 433 
(e.g. Tobin & Pryor 1981, Tobin 1982, Holland 1993; Figs. 2, 3). If Walther’s Law holds, the facies 434 
exposed in vertical succession mirror original environmental gradients, and the vertical succession 435 
should elucidate how shell beds and mud beds varied laterally through a range of depths. 436 
Additionally, a number of studies have contributed to a growing framework of high-437 
resolution stratigraphic correlations in Cincinnatian rocks (e.g. Jennette & Pryor 1993; Dattilo 438 
1996, 1998; Holland et al, 2001, Brett and Algeo, 2001a; Brett et al., 2003, 2008b, c, d; Schramm 439 
2011). Vertical and lateral patterns within these cycles have been documented in considerable 440 
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detail and correlations have been extended from the well-known outcrops into the subsurface 441 
basinal deposits (McLaughlin et al., 2004; Kirchner and Brett, 2008). These studies directly 442 
document lateral relationships. Building on this information, we test the predictions of the models 443 
of cycle genesis (Section 3) by examining cycle variation across facies. First we examine the vertical 444 
succession from the offshore Kope Formation to the shoreface Bellevue Limestone (Section 2.1.2), 445 
and then we correlate a few upper Fairview cycles down depositional dip from the Cincinnati shelf 446 
area to the basinal deposits in the north and west.  447 
4.1. Overview of Cincinnatian Cycles 448 
Meter-scale cycles (Fig. 8) are characteristic of the entire Cincinnatian succession (e.g. 449 
Tobin and Pryor 1981; Dattilo 1996, 1998, Diekmeyer 1998), but have been most studied in the 450 
offshore facies of the Kope Formation (Jennette and Pryor 1993; Holland et al. 1997, 2001; Miller 451 
et al. 2001; Brett and Algeo 2001a; Brett et al. 2003, 2008b, c, d ). Kope cycles (Fig. 8A) consist of 452 
two hemicycles. The mudstone-dominated hemicycle contains barren mudstones interbedded 453 
with obrution deposits, fossiliferous mudstone horizons, bryozoan horizons and thin packstone 454 
beds. The limestone-dominated hemicycle is represented by grainstone and packstone beds 455 
separated by thin intervals (centimeters) or partings of barren or fossiliferous mudstone. These 456 
two parts can be recognized in most Kope cycles (Tobin 1982, Jennette & Pryor 1993, Holland et 457 
al. 1997, Miller et al. 1997) and to some degree in the overlying Fairview (Figs. 8B, C, D) and 458 
McMillan Formations (Fig. 8E). The lithology of the lower Cincinnatian can be described as 459 
variations in the relative thicknesses and characteristics of the two hemicycles. For example, the 460 
relative proportions of mudstone and limestone in these three formations are reflected in the 461 
relative thicknesses of the terrigenous mud- and skeletal carbonate-dominated parts of their 462 
component cycles. 463 
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Cycle expression is dictated by local facies, yet individual cycles can be traced laterally over 464 
long distances (Miller et al. 2001; Holland et al. 2001; Brett & Algeo 2001a; McLaughlin et al. 2004, 465 
Brett et al., 2003, 2008b, d, Kirchner & Brett 2008), and across dramatic facies transitions (Dattilo, 466 
1996, 1998). Such geographic extent indicates that cyclic deposition was forced by basin-wide or 467 
extrabasinal, allocyclic influences rather than by local or autocyclically controlled factors.  468 
4.2. Cincinnatian Cycle Motifs 469 
We can begin to explore the question of whether Cincinnatian cycles display depth-related 470 
variations predicted in the tempestite proximality model by comparing homologous parts of cycles 471 
from the Kope, Fairview, Miamitown and McMillan formations (Fig. 2; Section 2.1.2), .  472 
The majority of sediment in the mudstone-dominated hemicycles are organized into 473 
discrete depositional units, generally including at least a few thin packstones and siltstones, which 474 
are generally thickest in deep-water units. Their thickness can be up to 4 m in the Kope (Fig. 8A) 475 
and Miamitown units (Fig. 8D), and varies over a few kilometers. In the McMillan Formation the 476 
mudstone hemicycle is thin and may seem to disappear in up-ramp facies (Fig. 9E). While 477 
siltstones are found throughout the interval, mudstones are siltier in the upper, shallowest units of 478 
each cycle (Marshall 2011). Single bedding planes of fossils (obrution, bryozoan, and thin shell 479 
pavements) are most abundant in the deepest Kope facies, but are not volumetrically significant. 480 
These horizons are reduced in the lower Fairview facies, a trend that is partly reversed in the 481 
upper Fairview (Schramm 2011). Muddy partings in the mudstone dominated packages become 482 
dominantly fossiliferous in the shallowest of the McMillan facies. 483 
The limestone-dominated phase shows more marked changes. As with the mudstone-484 
dominated package, this hemicycle is not a homogeneous unit, but is typically made up of a 485 
succession of limestones and thin mudstones. Limestone packages are thinner but more compact 486 
in deep water facies, typically merging into single grainstone beds up to several centimeters thick 487 
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with little or no intercalated mud or silt (Fig. 8A, B). Conversely, shallow water shelly carbonate 488 
hemicycles are thicker and contain thinner limestone beds separated by thin mudstone partings 489 
(Fig. 8C, D, E). These limestone hemicycles contain more packstones, fewer grainstones, and 490 
increasingly fossiliferous mudstone partings in shallow facies relative to deeper facies.  491 
The peritidal equivalent of the Fairview or lower McMillan, the Tate Member of the 492 
Ashlock Formation in central Kentucky (Fig. 8F) presents a different sort of cycle, despite being 493 
laterally equivalent to some of the rocks in the Cincinnati area. Here a seemingly monotonous 494 
succession of thickly laminated and mud-cracked dolomitic siltstone is punctuated by planar 495 
partings at meter-scale intervals. These partings may represent erosion or non-deposition.  496 
4.3. Waltherian inferences 497 
Predictions of the storm winnowing model (Kreisa 1981a) and tempestite proximality 498 
model (Aigner 1985) are only partially consistent with some aspects of the Kope to McMillan 499 
shallowing upward succession (Fig. 5).  For example, there is an upward increase in relative 500 
abundance of limestone versus mudstones concordant with shallowing environments. This 501 
increase could be explained by the storm-winnowing bypass of finer sediments through shallower 502 
water depositional environments of the McMillan Formation and to a lesser extent, the Fairview 503 
Formation and the deposition of this bypassed sediment in the deeper-water Kope Formation. 504 
Storm bypass might also explain the additional thickness of the Kope Formation as contrasted with 505 
the Fairview Formation. 506 
4.3.1. Points of disagreement with the Tempestite Proximality Model 507 
When the thickness and architecture of individual cycles are considered, evidence for 508 
storm winnowing and bypass is not as clear. Mid-ramp Kope cycles do not appear to be 509 
significantly thicker than shallower-water Fairview or Bellevue cycles. Furthermore, the increased 510 
proportion of mudstone in the Kope is explained by thickening of the mudstone-dominated 511 
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hemicycle and concomitant thinning of the limestone-dominated phase. If the thickness were the 512 
result of proximal storm winnowing and distal transport of mud, then the distal analogues of shell 513 
beds (the limestone-rich phase of the cycles) should be thickened.  514 
Counterintuitively, there are also more grainstones in the deep-water Kope Formation than 515 
in the shallower facies of the McMillan/ Grant Lake Formation, where packstone predominates. 516 
Those few events that reached deeper ramp settings represented by the Kope Formation should 517 
be at their weakest (see deep subtidal facies, Fig. 5) and the multiple reworking events required to 518 
generate thick amalgamated and seemingly winnowed grainstones should be more prevalent in 519 
shallower facies (intertidal facies of Fig. 5) than they are in the deeper Kope facies.  520 
Likewise, the idea that more storms affected shallower seafloors (Aigner 1985) might 521 
explain the progressive upward increase in numbers of limestone beds from the Kope to the 522 
Fairview Formation, but does not explain the further increase in number of limestone beds in the 523 
McMillan Formation. The tempestite proximality model (Aigner 1985) suggests that numerous thin 524 
beds should be traceable proximally into a few thicker amalgamated beds in shallow water where 525 
storm winnowing is more effective. The Bellevue Member was deposited well above storm wave 526 
base, near normal wave base, and yet, it is thin bedded and muddy. It is also difficult to reconcile 527 
the fact that the thickest beds in the lower Fairview are generally thinner than the ledges in the 528 
Kope, while the McMillan consists mostly of thin and wavy-bedded packstones and grainstones, 529 
largely lacking thicker ledge-forming bands. The upward increasing bed count and thinning 530 
suggests that shell beds tend to “fan out” with decreasing depth well above storm wave base; the 531 
tempestite proximality model of shell bed generation (Aigner 1985) suggests that these beds 532 
should have fanned out with increasing depth, especially at the deeper limits of storm winnowing. 533 
4.3.2 Points of agreement with episodic starvation mechanism 534 
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These facts are inconsistent with the tempestite proximality model, regardless of whether 535 
winnowing was modulated by water depth (Aigner 1985) or climatic fluctuations (Holland et al. 536 
2001, Holland 2008). Instead, the observed patterns can be reconciled with the episodic starvation 537 
model (Fig. 7).  538 
If sediment starvation is the principal cause of shell bed genesis, then winnowing bypass 539 
should be a minor factor in the generation of shell beds and leads to little or no distal thickening 540 
beyond normal wave base. More mud-depositing events would affect shallower sea beds, so shell 541 
beds of the limestone-dominated phase should include more mud deposits in shallower waters 542 
than in offshore areas, as is actually observed. 543 
The relative preponderance of grainstones in the deeper-water Kope Formation is 544 
explained by the same process. Deeper-water shell beds should receive less siliciclastic mud, and 545 
have more time to be winnowed by storms. Furthermore in situ micrite production would be 546 
suppressed by water depth.  547 
Finally, the thin packstone beds and intercalated fossiliferous mudstones of the McMillan 548 
Formation may be explained by the combined high rate of shell production and moderate 549 
sediment influx into shallow proximal environments during the sediment-starved phase. Thus, 550 
proximal fanning is expected under this model (Fig. 7). Moreover, the matrix of these up-ramp 551 
rubbly packstones is frequently micrite rather than terrigenous mud; this sediment probably 552 
represents locally-derived lime muds formed during periods of low siliciclastic input (Dattilo et al. 553 
2008). 554 
4.4. Limitations of Waltherian inference. 555 
The study of vertical variations in cycle patterns is useful, but is limited by the validity of 556 
Waltherian assumptions. The principal sweeping assumption is that all facies in the succession 557 
coexisted at all times during deposition. To compare Kope cycles to Bellevue cycles (e.g. Tobin & 558 
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Pryor 1981) requires two corollary inferences: that cycle duration is constant throughout the 559 
interval, and that the external factors influencing the two recognizable cycle phases are of 560 
constant relative duration and strength. These factors are certainly not identical for each cycle, 561 
but the question is, are they the same on average? The only way to eliminate these potential 562 
irregularities is to trace cycles laterally across the basin and observe the facies variation within 563 
that framework. 564 
5. Lateral Correlations  565 
5.1. Questions raised by Waltherian inference 566 
By correlating Cincinnatian cycles into the subsurface, we test the validity of the three 567 
Waltherian inferences discussed above. The following agents might render each of these 568 
inferences invalid. 569 
First, if Kope cycles are not thicker than Fairview or McMillan cycles, was there no 570 
substantial bypass sedimentation during deposition of the limestones, or were Kope cycles of 571 
shorter duration? If sediment bypass occurred, where was that sediment deposited? Is there a 572 
record of bypassed sedimentation thickening down-ramp from the Cincinnati shelf?  573 
Second, if the Kope contains more grainstone than the Fairview or Bellevue formations, 574 
would there also be more grainstone in deeper-water correlatives of these latter formations, or 575 
would there be less grainstone in the shallower-water correlatives of the Kope Formation? 576 
Alternatively, does the Kope represent a time period during which large amounts of grainstone 577 
were deposited as a result of anomalously low micrite production in the basin?  578 
Third, if the limestone-rich packages are thinner and more compact in the Kope Formation 579 
than they are in the Fairview and Bellevue formations, do individual limestone-rich packages “fan 580 
out” in a proximal direction, and amalgamate in a distal direction? Would the up-ramp equivalents 581 
of the Kope Formation consist of thicker but less compact limestone packages, or would the down-582 
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ramp equivalents of the Fairview and McMillan Formations consist of thinner, more compact 583 
limestone packages? Alternatively, did these temporal variations in cyclic architecture result from 584 
longer, but less intense periods of shell bed formation during Fairview and Bellevue time? For 585 
example, if meter-scale cycles were caused by climatic storm-intensity cycles, perhaps the 586 
amplitude/severity of these cycles was dampened with time.  587 
Lateral correlation addresses all of these questions by eliminating the temporal variable 588 
and need for Waltherian inference. Jennette & Pryor (1993) showed that Kope and lower Fairview 589 
cycles can be correlated over several kilometers. Dattilo (1996, 1998) demonstrated that cycles in 590 
the Miamitown Shale interval could also be correlated across the northern outcrop belt. 591 
McLaughlin et al. (2004), McLaughlin and Brett (2004), and Brett et al. (2008d) traced shallower 592 
facies of the Kope /Clays Ferry into laterally equivalent basinal sections north of Cincinnati, 593 
demonstrating that shell beds do not fan out, but tend to become cleaner and more compact 594 
distally. In this report we trace the upper Fairmount (subtidal)-Miamitown Shale - Bellevue 595 
(shallow subtidal) interval into the subsurface where this interval changes to a more Kope-like 596 
deep subtidal facies. Cincinnatian muds originated in the Taconic uplifts to the east and southeast 597 
of Cincinnati (Section 2.1.1). From the Cincinnati shelf, bio- and lithofacies generally document 598 
shallowing to the south and east, and deepening to the north and west. Cincinnati is on the 599 
northwestern edge of the outcrop belt for these units, which dip away to the northwest. 600 
Geophysical well logs provide a means for tracing larger-scale units into the subsurface. 601 
The relationship between well logs and Cincinnatian lithology was aptly demonstrated by Gray 602 
(1972), who was able to correlate borehole with core samples to boreholes with gamma ray logs 603 
using limestone percentage curves. After Gray’s (1972) work was published, some wells drilled by 604 
the Ohio Geological Survey, were both core sampled and logged (e.g. OGS 2981, Fig. 2), and they 605 
demonstrate the direct relationship between gamma ray logs and lithology. This works because 606 
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Cincinnatian lithologies are fundamentally a binary system of alternating limestones and 607 
mudstones. Limestones emit less gamma radiation than potassium-rich mudstones. Electric logs, 608 
particularly resistivity, also reflect Cincinnatian lithologies because limestones, lacking the ions 609 
found in clay minerals, have higher resistivities than mudstones. Siltstones, sedimentologically 610 
related to mudstones, are frequently clay-poor, so they produce signals that are more similar to 611 
those of limestones. Given their low abundance, this is a minor complication to the lithologic 612 
interpretation of logs. 613 
Examination of a gamma ray log or of a limestone percentage log of a well near Cincinnati 614 
yields marker horizons representing thin packages of beds that promise chronostratigraphically 615 
tight correlations (Fig. 2). For example, there are several thin limestone packages within the Kope. 616 
These represent the major cycle tops recognized by Brett and Algeo (2001b), and as far as they can 617 
be traced, they provide fine chronostratigraphic correlations (see also McLaughlin and Brett 2007). 618 
Additionally, the Bellevue Member of the McMillan Formation provides a distinctive limestone 619 
peak that can be correlated across the basin. This study will concentrate on the interval between 620 
the Black River Group and the Corryville Member of the McMillan Formation. 621 
Tracing these major surfaces by matching geophysical logs from well to well across the 622 
basin provides a high-resolution stratigraphic framework within which further refinements can be 623 
made, and provides a way detect the predicted effects of bypass sedimentation. Bypass 624 
sedimentation should be recognizable as a thickening of the mudstone dominated facies in the 625 
distal direction of the limestone dominated facies.  626 
5.2. Analysis of Isopachs in search of bypassed muds. 627 
Gray (1972) divided the Cincinnatian rocks (“Maquoketa Group”) of Indiana into four units 628 
based on inflections in well log curves. His Unit A is approximately equivalent to the Kope 629 
Formation. Hohman (1998) conducted an extensive subsurface analysis of Cincinnatian rocks in 630 
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and around the Illinois basin. His “Maysville Parasequence Set” isopach map, incorporated into the 631 
locality map (Fig. 1B), corresponds approximately to the Kope-Corryville interval, starting in the 632 
Kope formation near the Fulton – Brent Submembers (Brett & Algeo 2001b) boundary and ending 633 
in the McMillan Formation just above the Corryville Member. Hohman’s (1998) isopach map 634 
confirms Gray’s (1972) observations that lower Cincinnatian units thin to the northwest. Both 635 
authors invoke non-deposition to explain this thinning. Both show thickening to the southeast 636 
along a transect perpendicular to the trend of the Sebree Trough, thickening within the Sebree 637 
Trough  just north of the outcrops in Cincinnati, thickening to the northeast along the trend of the 638 
Sebree Trough, and thinning to the northwest beyond the Sebree Trough. Thus, both show 639 
sediment thickening away from Cincinnati toward the Taconic sediment source, and thinning away 640 
from the source beyond the Sebree Trough, with no evidence of distal bypassed sediments other 641 
than the trough itself. 642 
Both studies were thorough, and the isopach maps are robust within reasonable error. 643 
However, the mapped units are much thicker than meter-scale cycles; the Kope-Mt-Auburn 644 
interval is about 110 m thick in the Cincinnati region. Thus the resolution of these studies may not 645 
be high enough to detect bypass in thinner units. 646 
5.3. Member and submember-scale correlation: the lack of bypassed mud. 647 
Three lithologies were interpreted from logs (Fig. 2) in a stratigraphic cross section (Fig. 9) 648 
from Wells County, Indiana (SDH 336; see Fig. 1B) in the northwest to the edge of the outcrop area 649 
in Hamilton County, Ohio (Brisbin #1; Fig. 1B): carbonate-dominated facies, mixed facies, and mud-650 
dominated facies. Several geophysical markers (Fig. 2) are traced from borehole to borehole. 651 
These markers, covering the interval from the base of the Kope Formation (McLaughlin & Brett 652 
2007, Brett and Algeo 2001b) to the top of the McMillan Formation, define units that range 653 
anywhere from 10 to 20 m in thickness, a significant increase in stratigraphic resolution over the  654 
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units of Gray (1972) and Hohman (1998). This magnified view reveals limited thickening 655 
attributable to bypassed mud. Submembers of the Kope Formation, if not thickest in the outcrop 656 
area, thicken only slightly just north of the outcrop area before thinning farther to the northwest. 657 
The Fairview and McMillan Formations show the same pattern, thickening then thinning a little 658 
further to the northwest, suggesting that the bulk of this minimal winnowing bypass occurs in the 659 
nearshore facies, with limited transport and redeposition immediately offshore in the shallow 660 
subtidal zone. This pattern is exemplified particularly by the Fairmount-Miamitown Shale interval, 661 
which thickens slightly to a maximum just before becoming indistinguishable beyond Indiana Well 662 
30922 (Fig. 1B).  663 
5.4. Meter-Scale Cycle Correlations: The Facies Affinities of Grainstones and Packstones  664 
Another key observation is that grainstones are associated more with deep-water facies 665 
than with shallow water facies. Does this also hold for a single interval traced through shallow and 666 
deep water facies? Previous efforts to correlate the Kope Formation lithologies from Cincinnati 667 
into even deeper facies suggest that grainstone frequency increases with depth (Kirchner and 668 
Brett 2008). This pattern should be more dramatic when the transition is viewed through 669 
shallower facies. 670 
Four cores and five outcrops (Fig. 1B; 9) are integrated to create a high-resolution 671 
stratigraphic cross section extending from Wayne County, Indiana, to northern Kentucky just south 672 
of Cincinnati. In addition to this extension of the northwest-southeast section, three additional 673 
cores and one additional outcrop were used to generate a west-east cross section extending from 674 
west of Indianapolis in Hendricks County, Indiana to northeast of Cincinnati (Figs. 1B, 10). A thin 675 
interval was chosen centering around the Miamitown Shale for these cross sections (Fig. 9). This 676 
interval was logged by recording lithologies from cores at 1 cm resolution. The resulting log was 677 
used to generate one-meter cumulative running average curves for four lithologic classes: (i) clean 678 
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grainstone (white area labeled “G” in Fig. 10), (ii) micrite-rich grainstone and micrite-poor 679 
packstone (medium gray area labeled “P/G” in Fig. 10), (iii) micrite-rich packstone and wackestone 680 
(dark gray area labeled “W/P” in Fig. 10), and (iv) siliciclastic mud and silt (black area labeled 681 
“Mud/Silt” in Fig. 10). This graphic emphasizes meter-scale cycles facilitates fine-scale correlation 682 
from outcrop to deeper-water basin. Further cross sections using bedding-scale data (Section 5.5.; 683 
Figs. 11, 12) are constrained within these cross sections. As units are traced in cores further into 684 
the deeper water basin, overall carbonate content decreases as their grainstone proportion 685 
increases. Schramm (2011) observed a similar pattern in the Bellevue Member, where the shallow-686 
water muddy fossiliferous packstones in Cincinnati grade distally into thin compact grainstones to 687 
the north. 688 
5.5. Bedding-scale correlations: proximal or distal fanning 689 
The third inference made by examining Cincinnatian facies in vertical succession is that 690 
beds should “fan out” or “splay” proximally rather than distally as predicted by the tempestite 691 
proximality model (Aigner 1985).  Previous work tracing Kope cycles into the subsurface (Kirchner 692 
& Brett 2008, Brett et al. 2008b) suggested that more distal limestone packages tend to be more 693 
compact, thinning from complex packages of packstones, grainstones, and muds to simple 694 
compact grainstone beds frequently associated with concretions. Conversely, correlations of Kope 695 
cycles up-ramp south and southeast of Cincinnati (Brett et al. 2008b, d) show compact limestones 696 
thickening up-ramp into splayed bundles of limestone and shelly mudstone while the mudstone-697 
rich cycle phases become thin, silty, and more shelly up-ramp.  698 
We test the proximal-splaying hypothesis across a wider array of facies by selecting a few 699 
meters of section from the correlated drill-core logs (Section 5.4.) supplemented with correlative 700 
outcrop sections. The resulting stratigraphic cross sections (Figs. 11, 12) show the correlation of 701 
the upper three Fairmount cycles just below the Miamitown Shale. These cycles change character 702 
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as they pass from the nearshore facies in the Cincinnati region, where they crop out, to the more 703 
offshore (Kope-like) facies across the Sebree Trough to the west (Fig. 11) and to the north (Fig. 12).  704 
In confirmation of Waltherian inference, cycles of the offshore facies are Kope-like 705 
(Compare Fig. 8A) with thin grainstone-rich limestone packages separated by thick intervals of 706 
barren mudstone. Closer to the outcrop these limestone packages fan out to become Fairview-like 707 
(Compare Fig. 8B, C), with thicker packages of thin bedded packstones and grainstones 708 
intercalated with mudstone beds which are separated by relatively thin intervals of barren 709 
mudstone. Finally these cycles take on their “familiar” Miamitown Shale character (Fig. 8D) in 710 
proximal settings near the outcrop where the cycles consist of limestone packages of very thin 711 
packstones and grainstones intercalated with equal portions of shell-bearing mudstone, and a 712 
mudstone package of barren silty mudstone with packstone beds. This also parallels Schramm’s 713 
(2011) observations: Bellevue Member limestone packages thicken and splay proximally.  714 
6. Discussion 715 
Aside from the discovery that Cincinnatian meter-scale cycles consist of hemicycles that are 716 
independent facies systems, the comparison of cycles from different facies in space and time 717 
highlights three characteristics that are consistent with episodic starvation and inconsistent with 718 
storm winnowing as a mechanism for shell-bed generation. These are (i) the lack of bypassed mud, 719 
(ii) the presence of deep-water grainstones, and (iii) proximal fanning of limestones. These 720 
findings deserve further discussion.  721 
6.1. Missing bypass mud 722 
Member and submember scale correlations confirm that the thickest sediments of the 723 
lower Cincinnatian units lie along the southeastern side of the Sebree Trough (Ettensohn et al. 724 
2002; Brett et al. 2003). For that reason these units are thicker in the Cincinnati area than in other 725 
outcrops. The Cincinnati section is thicker than most of the subsurface sections as well. The 726 
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sediments of the trough itself also thin to the southwest, eliminating the possibility of sediment 727 
“drainage” path through the Sebree Trough to other basins. Additionally, the Sebree trough 728 
section thickens markedly to the northeast, as expected if the sediment ultimately originated in 729 
the east or northeast. 730 
It is difficult to claim a significant amount of bypassed sediment. Only sediment in the 731 
trough is thickened. The southeastern edge of the Sebree trough marks the northwestern extent 732 
of Kope Formation carbonates, and these carbonates are more developed to the southeast in the 733 
correlative Clays Ferry Formation (Weir et al. 1984). However, if the Sebree Trough contains the 734 
bypassed sediment from Clays Ferry Formation, then Cincinnati was receiving it. More 735 
importantly, while the mudstone portions of cycles seen at Cincinnati remain nearly uniform or 736 
thicken somewhat into the basinal facies of the Sebree trough before thinning farther basinward, 737 
the limestone bundles are marked in down-ramp positions by thin, discrete limestone beds. 738 
Although it might be suggested that part of the thickened mudstone interval records sediments 739 
that were winnowed from upslope, tracing discrete marker beds, epiboles, and obrution deposits 740 
from outcrop into the subsurface indicates that there is little or no thickening of mudstone 741 
packages around the limestones. Where is the mud that was supposedly winnowed from the 742 
Cincinnati region to make thick Cincinnatian Kope grainstones? We submit that little or no mud 743 
was ever deposited where shell beds are developed. 744 
The Maysvillian strata are also thicker in the Sebree trough, but Maysvillian strata contain 745 
much more carbonate than the Kope Formation, and there is a significant amount of carbonate in 746 
the trough. If these shell beds were also formed through a process of deep storm winnowing, then 747 
where is that winnowed mud? Again, we suggest that there was little or no mud to be winnowed. 748 
The only evidence for significant stratigraphic thickening encountered in this study was the 749 
Miamitown Shale, which thickens immediately northwest of Cincinnati (see also Dattilo 1996, 750 
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1998) before thinning again further north. This thickening is coincident with the disappearance of 751 
the fossiliferous mudstone and wavy-bedded limestone in the upper Fairview. Perhaps there was 752 
minor winnowing bypass from this shallow-water facies. It is more likely that up-ramp thinning is 753 
unrelated to bypass, but caused by the removal of the uppermost Miamitown Shale by erosion 754 
below an up-ramp, sub-Bellevue disconformity (Schramm 2011). 755 
6.2. Deep-Water Grainstones? 756 
The finding that grainstones are more characteristic of deep water than of shallow water 757 
deposits (Section 5.4; Schramm 2011) seems counterintuitive. The analogy between clean 758 
carbonate grainstones and wave-washed beach sand is appealing, and the current schemes of 759 
carbonate textural classification based on texture (Folk, 1959, Dunham, 1962) are founded, in part, 760 
on analogy with siliciclastic textures. 761 
However, this is an overly simplistic view; siliciclastics and carbonates differ in that 762 
carbonates are not necessarily subject to transport; large carbonate grains can accumulate in situ. 763 
Both Folk and Dunham (Folk 1959, Dunham 1962) schemes of classification use a measure of 764 
matrix to pore space—typically filled with spar—as a criterion for classification with the tacit 765 
assumption that a lack of matrix reflects winnowing by waves or currents powerful enough to 766 
resuspend and remove mud. However, if no carbonate mud is produced in the environment and 767 
no terrigenous mud is imported from elsewhere, then no winnowing currents or wave action 768 
would be required to produce a clean grainstone. The distal Cincinnatian seafloor was evidently 769 
populated with deep-water crinoids (Meyer et al. 2002, Brett et al. 2008a) and other organisms. 770 
Without micrite production, skeletal remains of these organisms could have accumulated over 771 
long periods of sediment starvation to form deep water grainstones.  772 
6.3. Proximal Fanning? 773 
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Of the Waltherian inferences discussed above, the idea that limestone packages should fan 774 
or splay into a series of thin interbedded limestones and mudstones in a proximal direction is the 775 
least compatible with the idea of shell bed genesis through storm winnowing and bypass. Tracing a 776 
few cycles from proximal to distal facies demonstrates that limestone packages fan in a proximal 777 
direction and confirms previous observations (McLaughlin and Brett 2007; Kirchner & Brett 2008, 778 
Brett et al., 2008b, Schramm 2011) that these beds also condense distally into the deep basinal 779 
facies before becoming unresolvable. In concordance with distal downlap and non-deposition and 780 
distal increases in grainstone content, the documentation of proximal fanning and distal 781 
condensation directly contradicts the predictions of the storm winnowing model of shell-bed 782 
genesis. Alternatively, all of these facts fit well with the idea that intermittent pulses from the 783 
prograding Taconic sediment wedge controlled the genesis of shell beds. 784 
7. Conclusions 785 
Storm winnowing (e.g. Kreisa 1981a) and tempestite proximality (e.g. Aigner 1985) models 786 
of shell bed genesis differ from episodic starvation models (Brett et al. 2008b, Dattilo et al. 2008) 787 
in several points that can be tested by correlating cycles across facies. Characteristics of these 788 
cycles are not predicted by the storm winnowing model but are predicted by the episodic 789 
starvation model. Generally, these cycles can be characterized as two hemicycles, one mud 790 
dominated and the other carbonate dominated. Similar cycles can be recognized in different 791 
subtidal facies ranging from deep subtidal to near shore facies.  792 
The facies of each hemicycle change independently, representing two different 793 
depositional systems that affect the entire basin in alternation. Lithologies of one hemicycle 794 
cannot be traced laterally into the lithologies of another hemicycle. Distally the carbonate-795 
dominated hemicycle becomes more compact and cleaner, ranging from thin-bedded packstones 796 
to thick-bedded grainstones. In the same transect, the fossiliferous mudstone and wavy-bedded 797 
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packstones of the mud-dominated phase become less shelly and finer grained changing from silty 798 
mudstone with packstone to thick barren organic and clay rich mudstone.  799 
This fine-scale non-Waltherian temporal alternation of independent facies systems is 800 
consistent with the alternating depositional environments predicted by the episodic starvation 801 
model and inconsistent with the predictions of the storm winnowing model of shell bed formation. 802 
Specific characteristics that support the former and contradict the latter include the lack of distal 803 
bypass thickening in the shelly or muddy cycle phase, the development of proximal fanning rather 804 
than significant distal fanning, and the development of distal deep-water grainstones rather than 805 
thick proximal grainstone shoal deposits. 806 
Acknowledgements 807 
Dattilo's work on this paper was supported in part by summer faculty research grants from Indiana 808 
University-Purdue University Fort Wayne, The Purdue Research Foundation, and the American 809 
Chemical Society Petroleum Research Fund Grant 50242-UNI8. Assistance in the field was 810 
provided by Dr. Katherine Bulinski of Bellarmine University, Sasha Mosser, Jamie Mosser, Michael 811 
Blair, Nicholas Flores, Philip Bremer. Critical reading of earlier versions of the manuscript was 812 
provided by Rebecca Freeman, C.J. Senif, and Raymond Gildner. Comments by reviewers Brian 813 





References Cited 817 
Aigner, T., 1985. Storm Depositional Systems: Dynamic Stratigraphy in Modern and Ancient 818 
Shallow Marine Sequences: Lecture Notes in the Earth Sciences 3. Springer-Verlag, Berlin. 819 
Anstey, R.L., Fowler, M.L., 1969. Lithostratigraphy and depositional environment of the Eden Shale 820 
(Ordovician) in the tri-state area of Indiana, Kentucky, and Ohio. Journal of Geology 77, 821 
668-682. 822 
Baird, G.C., 1981. Submarine erosion on a gentle paleoslope: a study of two discontinuities in the 823 
New York Devonian. Lethaia 14, 105-122. 824 
Baum, G.R., Vail, P.R., 1988. Sequence stratigraphic concepts applied to Paleogene outcrops, Gulf 825 
and Atlantic Basins, in: Wilgus, C.K., Hastings, B.S., Kendall, C.G.S.C., Posamentier, H.W., 826 
Ross, C.A., Van Wagoner, J.C. (Eds.), Sea-level, an integrated approach: Society of Economic 827 
Paleontologists and Mineralogists Special Publication 42, pp. 309-327. 828 
Bergström, S.M., Finney, S.C., Xu, C., Goldman, D., Lesley, S.A., 2006. Three new Ordovician global 829 
stage names. Lethaia 39, 287-288. 830 
Brett, C.E., 1983. Sedimentology, Facies And Depositional-Environments Of The Rochester Shale 831 
(Silurian, Wenlockian) In Western New-York And Ontario. Journal of Sedimentary Petrology 832 
53, 947-971. 833 
Brett, C.E., Algeo, T.J., 2001a. Event beds and small-scale cycles in Edenian to lower Maysvillian 834 
strata (Upper Ordovician) of northern Kentucky: identification, origin, and temporal 835 
contraints, in: Algeo, T.A., Brett, C.E. (Eds.), Sequence, Cycle, and Event Stratigraphy of 836 
Upper Ordovician and Silurian Strata of the Cincinnati Arch Region. Society for Sedimentary 837 
Geology. 838 
Brett, C.E., Algeo, T.J., 2001b. Stratigraphy of the Upper Ordovician Kope Formation in its type area 839 
(Northern Kentucky), including a revised nomenclature, in: Algeo, T.J., Brett, C.E. (Eds.), 840 
37 
 
Sequence, cycle and event stratigraphy of the Upper Ordovician and Silurian Strata of the 841 
Cincinnati Arch region. Kentucky Geological Survey, University of Kentucky, Lexington, 842 
Kentucky, pp. 47-64. 843 
Brett, C.E., Algeo, T.J., McLaughlin, P.I., 2003. Use of event beds and sedimentary cycles in high-844 
resolution stratigraphic correlation of lithologically repetetive successions., in: Harries, P.J. 845 
(Ed.), High-Resolution Approaches in Stratigraphic Paleontology. Kluwer Academic 846 
Publishers, Netherlands, pp. 315-350. 847 
Brett, C.E., Allison, P.A., Hendy, A.J.W., 2011. Chapter 4 Comparative taphonomy and 848 
sedimentology of small-scale mixed carbonate/siliciclastic cycles: synopsis of Phanerozoic 849 
examples, in: Allison, P.A., Bottjer, D.J. (Eds.), Taphonomy, Second Edition Process and Bias 850 
Through Time. Springer, Dordrecht Heidelberg London New York. 851 
Brett, C.E., Baird, G.C., 1986. Symmetrical and upward shallowing cycles in the Middle Devonian of 852 
New York State and their implications for the punctuated aggradational cycle hypothesis. 853 
Paleoceanography 1, 431-445. 854 
Brett, C.E., Baird, G.C., 1996. Middle Devonian sedimentary cycles and sequences in the northern 855 
Appalachian Basin, in: Witzke, B.J., Ludvigsen, G.A., Day, J.E. (Eds.), Paleozoic sequence 856 
stratigraphy: views from the North American Craton. Geological Society of America Special 857 
Paper 306, Boulder, Colorado, pp. 213-240. 858 
Brett, C.E., Deline, B.L., McLaughlin, P.I., 2008a. Attachment, facies distribution, and life history 859 
strategies in crinoids from the Upper Ordovician of Kentucky, in: Ausich, W.I., Webster, 860 
G.D. (Eds.), Echinoderm Paleobiology. Indiana University Press, Bloomington, Indiana, pp. 861 
23-54. 862 
Brett, C.E., Kirchner, B.T., Tsujita, C.J., Dattilo, B.F., 2008b. Sedimentary Dynamics in a Mixed 863 
Siliciclastic-Carbonate System: The Kope Formation (Upper Ordovician), Southwest Ohio 864 
38 
 
and Northern Kentucky: Implications for Shell Beds Genesis in Mudrocks, in: Holmden, C., 865 
Pratt, B.R. (Eds.), Dynamics of Epeiric Seas: Sedimentological, Paleontological and 866 
Geochemical Perspectives, Geological Association of Canada, Special Paper 48. Geological 867 
Association of Canada, p. 406. 868 
Brett, C.E., Kohrs, R.H., Kirchner, B., 2008c. Paleontological event beds from the Upper Ordovician 869 
Kope Formation of Ohio and northern Kentucky and the promise of high-resolution event 870 
stratigraphy, in: McLaughlin, P.I., Brett, C.E., Holland, S.M., Storrs, G.W. (Eds.), Stratigraphic 871 
Renaissance in the Cincinnati Arch. Implications for Upper Ordovician Paleontology and 872 
Paleoecology. Cincinnati Museum Center, Cincinnati, Ohio, pp. 64-87. 873 
Brett, C.E., McLaughlin, P.I., Bazeley, J., 2008d. Correlation and faunal analysis of the upper Clays 874 
Ferry and Garrard "formations" (Upper Ordovician, Edenian) in central Kentucky, in: 875 
McLaughlin, P.I., Brett, C.E., Holland, S.M., Storrs, G.W. (Eds.), Stratigraphic Renaissance in 876 
the Cincinnati Arch. Implications for Upper Ordovician Paleontology and Paleoecology. 877 
Cincinnati Museum Center, Cincinnati, Ohio, pp. 112-135. 878 
Catuneanu, O., 2002. Geological Society of Africa Presidential Review No. 1 Sequence stratigraphy 879 
of clastic systems: concepts, merits, and pitfalls. Journal of African Earth Sciences 35, 1-43. 880 
Catuneanu, O., 2006. Principles of sequence stratigraphy. Elsevier, Amsterdam. 881 
Copper, P., 1997. Articulate brachiopod shellbeds: Silurian examples from Anticosti, Eastern 882 
Canada. Geobios 30, 133-148. 883 
Dattilo, B.F., 1993. The Lower Ordovician Fillmore Formation of western Utah; storm-dominated 884 
sedimentation on a passive margin. Brigham Young University Geology Studies 39, 71-100. 885 
Dattilo, B.F., 1996. A quantitative paleoecological approach to high-resolution cyclic and event 886 




Dattilo, B.F., 1998. The Miamitown Shale; stratigraphic and historic context (Upper Ordovician, 889 
Cincinnati, Ohio, region), in: Davis, R.A., Cuffey, R.J. (Eds.), Sampling the layercake that 890 
isn't: the stratigraphy and paleontology of the type-Cincinnatian. State of Ohio, 891 
Department of Natural Resources, Division of Geological Survey, Columbus, OH, pp. 49-59. 892 
Dattilo, B.F., 2004. A new angle on strophomenid paleoecology: Trace-fossil evidence of an escape 893 
response for the plectambonitoid brachiopod Sowerbyella rugosa from a tempestite in the 894 
Upper Ordovician Kope Formation (Edenian) of northern Kentucky. Palaios 19, 332-348. 895 
Dattilo, B.F., Brett, C.E., Tsujita, C.J., Fairhurst, R., 2008. Sediment supply vs. storm winnowing in 896 
the development of muddy and shelly interbeds from the Upper Ordovician of the 897 
Cincinnati region, USA. Canadian Journal of Earth Sciences 45, 243-265. 898 
Dattilo, B.F., Meyer, D.L., Dewing, K., Gaynor, M.R., 2009. Escape traces associated with 899 
Rafinesquina alternata, an Upper Ordovician strophomenid brachiopod from the Cincinnati 900 
Arch Region. Palaios 24, 578-590. 901 
Dawson, A.G., Stewart, I., 2007. Tsunami deposits in the geological record. Sedimentary Geology 902 
200, 166-183. 903 
Dibenedetto, S., Grotzinger, J., 2005. Geomorphic evolution of a storm-dominated carbonate ramp 904 
(c. 549 Ma), Nama Group, Namibia. Geological Magazine 142, 583-604. 905 
Diekmeyer, S.L., 1998. Kope to Bellevue formations: the Riedlin Road/Mason Road site (Upper 906 
Ordovician, Cincinnati, Ohio, Region), in: Davis, R.A., Cuffey, R.J. (Eds.), Sampling the Layer 907 
Cake that isn't: the stratigraphy and paleontology of the type Cincinnatian. Ohio Division of 908 
Geological Survey, Columbus, Ohio, pp. 10-35. 909 
Donato, S.V., Reinhardt, E.G., Boyce, J.I., Rothhaus, R., Vosmer, T., 2008. Identifying tsunami 910 
deposits using bivalve shell taphonomy. Geology 36, 199-202. 911 
40 
 
Drummond, C., Sheets, H., 2001. Taphonomic reworking and stratal organization of tempestite 912 
deposition: ORdovician Kope Formation, Northern Kentucky, U.S.A. Journal of Sedimentary 913 
Research 71, 621-627. 914 
Duke, W.L., Arnott, R.W.C., Cheel, R.J., 1991. Shelf sandstones and hummocky cross-stratification: 915 
new insigts on a stormy debate. Geology 19, 625-628. 916 
Dunham, R.J., 1962. Classification of carbonate rocks according to depositional texture, in: Ham, 917 
W.E. (Ed.), Classification of carbonate rocks. American Association of Petroleum Geologists 918 
Memoir 1, pp. 108-121. 919 
Ellwood, B.B., Brett, C.E., Tomkin, J.H., MacDonald, W.D., In Press. Visual identification and 920 
quantification of Milankovitch climate cycles in outcrop: an example from the Upper 921 
Ordovician Kope Formation, northern Kentucky, in: Herrero-Bervera, E., Jovane, L. (Eds.), 922 
Magnetostratigraphy: Not only a dating tool. The Geological Society of London Special 923 
Publication, London. 924 
Ettensohn, F.R., 1992. General Ordovician paleogeographic and tectonic framework for Kentucky, 925 
in: Ettensohn, F.R. (Ed.), Changing Interpretations of Kentucky Geology: Layer Cake, Facies, 926 
Flexure, and Eustasy. Ohio Division of Geological Survey, Miscellaneous Report 5, pp. 19-927 
21. 928 
Ettensohn, F.R., Hohman, J.C., Kulp, M.A., Rast, N., 2002. Evidence and implications of possible far-929 
field responses to Taconian Orogeny: Middle-Late Ordovician Lexington Platform and 930 
Sebree Trough, east-central United States. Southeastern Geology 41, 1-36. 931 
Folk, R.L., 1959. Practical petrographic classification of limestones. American Association of 932 
Petroleum Geologists Bulletin 43, 1-38. 933 
41 
 
Gray, H.H., 1972. Lithostratigraphy of the Maquoketa Group (Ordovician) in Indiana, Department 934 
of Natural Resources Geological Survey Special Report 7. Indiana Geological Survey, 935 
Bloomington, Indiana. 936 
Harris, F.W., Martin, W.D., 1979. Benthic community development in limestone beds of the 937 
Waynesville (upper Dillsboro) Formation (Cincinnatian Series, Upper Ordovician) of 938 
southeastern Indiana. Journal of Sedimentary Petrology 49, 1295-1306. 939 
Hohman, J.C., 1998. Depositional history of the upper Ordovician Trenton Limestone, Lexington 940 
Limestone, Maquoketa Shale and equivalent lithologic units in the Illinois Basin: an 941 
application of carbonate and mixed carbonate siliciclastic sequence stratigraphy. Indiana 942 
University, Bloomington, Indiana, p. 186. 943 
Holland, S.M., 1993. Sequence stratigraphy of a carbonate-clastic ramp: The Cincinnatian Series 944 
(Upper Ordovician) in its type area. Geological Society of America Bulletin 105, 306-322. 945 
Holland, S.M., 2008. Climate-driven storm cyclicity: A non-eustatic mechanism for generating 946 
offshore meter-scale cycles., in: McLaughlin, P.I., Brett, C.E., Holland, S.M., Storrs, G.W. 947 
(Eds.), Stratigraphic Renaissance in the Cincinnati Arch. Implications for Upper Ordovician 948 
Paleontology and Paleoecology. Cincinnati Museum Center, Cincinnati, Ohio, pp. 166-173. 949 
Holland, S.M., Miller, A.I., Dattilo, B.F., Meyer, D.L., Diekmeyer, S.L., 1997. Cycle anatomy and 950 
variability in the storm-dominated type Cincinnatian (Upper Ordovician): Coming to grips 951 
with cycle delineation and genesis. Journal Of Geology 105, 135-152. 952 
Holland, S.M., Miller, A.I., Meyer, D.L., Dattilo, B.F., 2001. The detection and importance of subtle 953 
biofacies within a single lithofacies: The Upper Ordovician Kope Formation of the 954 
Cincinnati, Ohio region. Palaios 16, 205-217. 955 
Holland, S.M., Patzkowsky, M.E., 1996. Sequence stratigraphy and long-term lithologic change in 956 
the Middle and Upper Ordovician of the eastern United States, in: Witzke, B.J., Ludvigsen, 957 
42 
 
G.A., Day, J.E. (Eds.), Paleozoic Sequence Stratigraphy: Views from the North American 958 
Craton, pp. 117–130. 959 
Hughes, N.C., Cooper, D.L., 1999. Paleobiologic and taphonomic aspects of the Granulosa trilobite 960 
cluster, Kope Formation (Upper Ordovician, Cincinnati region). Journal of Paleontology 73, 961 
306-319. 962 
Hunda, B.R., Hughes, N.C., Flessa, K.W., 2006. Trilobite Taphonomy and Temporal Resolution in 963 
the Mt. Orab Shale Bed (Upper Ordovician, Ohio, U.S.A). Palaios 21, 26-45. 964 
James, N.P., 1997. The cool-water carbonate depositional realm, in: James, N.P., Clarke, J.A.D. 965 
(Eds.), Cool-Water Carbonates. Society for Sedimentary Geology Tulsa, Oklahoma, USA, pp. 966 
1-20. 967 
James, N.P., Bone, Y., 1994. Paleoecology of cool-water subtidal cycles in Mid-Ceneozoic 968 
limestones, Eucla Platform, southern Australia. Palaios 9, 457-476. 969 
Jennette, D.C., Pryor, W.A., 1993. Cyclic alternation of proximal and distal storm facies: Kope and 970 
Fairview Formations (Upper Ordovician), Ohio and Kentucky. Journal of Sedimentary 971 
Petrology 63, 183-203. 972 
Jin, J., 2012. Cincinnetina, a new Late Ordovician dalmanellid brachiopod from the Cincinnati type 973 
area, USA: impliocations for the evolution and palaeogeography of the epicontinental 974 
fauna of Laurentia. Palaeontology 55, 205-228. 975 
Johnson, H.D., Bardwin, C.T., 1986. Shallow siliciclastic seas, in: Reading, H.G. (Ed.), Sedimentary 976 
environments and facies. Blackwell, Boston, pp. 229-282. 977 
Keith, B.D., 1989. Regional facies of the Upper Ordovician Series of eastern North America, in: 978 
Keith, B.D. (Ed.), The Trenton Group (Upper Ordovician Series) of eastern North America: 979 
Deposition, Diagenesis, and Petroleum. AAPG Studies in Geology 39, pp. 1-16. 980 
43 
 
Kidwell, S.M., 1985. Paleobiological and sedimentological implications of fossil concentrations. 981 
Nature 318, 457-460. 982 
Kidwell, S.M., 1986a. Models for fossil concentrations: paleobiological implications. Paleobiology 983 
12, 6-24. 984 
Kidwell, S.M., 1986b. Taphonomic feedback in in Miocene assemblages: testing the role of dead 985 
hardparts in benthic communities. Palaios 1, 239-255. 986 
Kidwell, S.M., 1988. Reciprocal sedimentation and noncorrelative hiatuses in marine paralic 987 
siliciclastics: Miocene outcrop evidence. Geology 16, 609-612. 988 
Kidwell, S.M., 1991a. The stratigraphy of shell concentrations, in: Allison, P.A., Briggs, D.E.G. (Eds.), 989 
Taphonomy: Releasing the Data Locked in the Fossil Record. Plenum, New York, pp. 211-990 
290. 991 
Kidwell, S.M., 1991b. Condensed deposits in siliciclastic sequences: expected and observed 992 
features, in: Einsele, G., Ricken, W., Seilacher, A. (Eds.), Cycles and Events in Stratigraphy. 993 
Springer-Verlag, Berlin, pp. 682-695. 994 
Kidwell, S.M., 1998. Time-averaging in the marine fossil record: overview of strategies and 995 
uncertainties. Geobios 30, 977-995. 996 
Kidwell, S.M., Aigner, T., 1985. Sedimentary dynamics of complex shell beds: Implications for 997 
ecologic and evolutionary patterns, in: Bayer, U., Seilacher , A. (Eds.), Sedimentary and 998 
Evolutionary Cycles. Springer-Verlag, Berlin, pp. 382-395. 999 
Kidwell, S.M., Jablonski, D., 1983. Taphonomic feedback: Ecological consequences of shell 1000 
accumulation., in: Tevesz, M.J.S., McCall, P.L. (Eds.), Biotic Interactions in Recent and Fossil 1001 
Benthic Communities. Plenum Press, New York, pp. 195-248. 1002 
44 
 
Kirchner, B.T., Brett, C.E., 2008. Subsurface correlation and paleogeography of a mixed siliciclastic-1003 
carbonate unit using distinctive faunal horizons: toward a new methodology. Palaios 23, 1004 
174-184. 1005 
Kohrs, R.H., Brett, C.E., O'brien, N., 2008. Sedimentology of Upper Ordovician mudstones from the 1006 
Cincinnati Arch region, Ohio/Kentucky: Toward a general model of mud event deposition, 1007 
in: McLaughlin, P.I., Brett, C.E., Holland, S.M., Storrs, G.W. (Eds.), Stratigraphic Renaissance 1008 
in the Cincinnati Arch. Cincinnati Museum Center, Cincinnati, Ohio, pp. 88-111. 1009 
Kolbe, S.E., Zambito, J.J., Brett, C.E., Wise, J.L., Wilson, R.D., 2011. Brachiopod shell discoloration 1010 
as an indicator of taphonomic alteration in the deep-time fossil record. Palaios 26, 682-1011 
692. 1012 
Kreisa, R.D., 1981a. Storm-generated sedimentary structures in subtidal marine facies with 1013 
examples from the Middle and Upper Ordovician of southwestern Virgina. Journal of 1014 
Sedimentary Petrology 51, 823-848. 1015 
Kreisa, R.D., 1981b. Origin of stratification in a Paleozoic epicontinental sea: the Cincinnatian 1016 
Series. Geological Society of America Abstracts with Programs 13, 491 1017 
Kreisa, R.D., Bambach, R.K., 1982. The Role of Storm Processes in Generating Shell Beds in 1018 
Paleozoic Shelf Environments, in: Einsele, G., Seilacher, A. (Eds.), Cyclic and Event 1019 
Stratification. Springer-Verlag, Berlin, pp. 200-207. 1020 
Liang, C., Friedman, G.M., Zheng, Z., 1993. Carbonate storm deposits (tempestites) of Middle to 1021 
Upper Cambrian age in the Helan Mountains, northwestern China. Carbonates and 1022 
Evaporites 8, 181-190. 1023 
Marshall, N.T., 2011. Silt in the Upper Ordovician Kope Formation (Ohio, Indiana, Kentucky): The 1024 




McLaughlin, P.I., Brett, C.E., 2004. Eustatic and tectonic control on the distribution of marine 1027 
seismites: Examples from the Upper Ordovician of Kentucky, USA. Sedimentary Geology 1028 
168, 165–192. 1029 
McLaughlin, P.I., Brett, C.E., 2007. Signatures of sea level rise on the carbonate margin of a Late 1030 
Ordovician foreland basin: a case study from the Cincinnati Arch, USA. Palaios 22, 245–267. 1031 
McLaughlin, P.I., Brett, C.E., McLaughlin, S.L.T., Cornell, S.R., 2004. High-resolution sequence 1032 
stratigraphy of a mixed carbonate-siliciclastic, cratonic ramp (Upper Ordovician; Kentucky-1033 
Ohio, USA): Insights into the relative influence of eustasy and tectonics through analysis of 1034 
facies gradients. Palaeogeography, Palaeoclimatology, Palaeoecology 210, 267–294. 1035 
Meng, X., Ge, M., Tucker, M.E., 1997. Sequence stratigraphy, sea-level changes and depositional 1036 
systems in the Cambro-Ordovician of the North China carbonate platform. Sedimentary 1037 
Geology 114, 189-222. 1038 
Meyer, D.L., 1990. Population paleoecology and comparative taphonomy of two Edrioasteroid 1039 
(Echinodermata) pavements: Upper Ordovician of Kentucky and Ohio. Historical Biology 4, 1040 
155-178. 1041 
Meyer, D.L., Miller, A.I., Holland, S.M., Dattilo, B.F., 2002. Crinoid distribution and feeding 1042 
morphology through a depositional sequence: Kope and Fairview Formations, Upper 1043 
Ordovician, Cincinnati Arch Region. Journal of Paleontology 76, 725-732. 1044 
Miller, A.I., Holland, S.M., Dattilo, B.F., Meyer, D.L., 1997. Stratigraphic Resolution and Perceptions 1045 
of Cycle Architecture: Variations in Meter-Scale Cyclicity in the Type Cincinnatian Series. 1046 
Journal of Geology 105, 737–743. 1047 
Miller, A.I., Holland, S.M., Meyer, D.L., Dattilo, B.F., 2001. The use of faunal gradient analysis for 1048 
intraregional correlation and assessment of changes in sea-floor topography in the type 1049 
Cincinnatian. Journal Of Geology 109, 603-613. 1050 
46 
 
Myrow, P.M., Tice, L., Archuleta, B., Clark, B., Taylor, J.F., Ripperdan, R.L., 2004. Flat-pebble 1051 
conglomerate: Its multiple origins and relationship to metre-scale depositional cycles. 1052 
Sedimentology 51, 973-996. 1053 
Olszewski, T.D., Patzkowsky, M.E., 2003. From cyclothems to sequences: the record of eustasy and 1054 
climate on an icehouse epeiric platform (Pennsylvanian–Permian, North American 1055 
midcontinent). Journal of Sedimentary Research 73, 15–30. 1056 
Parsons, K.M., Brett, C.E., Miller, K.B., 1988. Taphonomy and depositional dynamics of Devonian 1057 
shell rich mudstones. Palaeogeography, Palaeoclimatology, Palaeoecology 63, 109 139. 1058 
Pope, M.C., Read, J.F., 1997. High-Resolution surface and subsurface sequence stratigraphy of the 1059 
Middle to Late Ordovician (late Mohawkian–Cincinnatian) foreland basin rocks, Kentucky 1060 
and Virginia. American Association of Petroleum Geologists Bulletin 81, 1866–1893. 1061 
Pope, M.C., Steffen, J.B., 2003. Widespread, prolonged late Middle to Late Ordovician upwelling in 1062 
North America: A proxy record of glaciation? Geology 31, 63-66. 1063 
Posamentier, H.W., Jervey, M.T., Vail, P.R., 1988. Eustatic controls on clastic deposition I--1064 
conceptual framework, in: Wilgus, C.K., Hastings, B.S., Kendall, C.G.S.C., Posamentier, H.W., 1065 
Ross, C.A., Van Wagoner, J.C. (Eds.), Sea level change: an integrated approach. Society of 1066 
Economic Paleontologists and Mineralogists Special Publication 42, pp. 110-124. 1067 
Potter, P.E., Maynard, J.B., Depetris, P.J., 2005. Mud and Mudstone: Introduction and Review. 1068 
Springer-Verlag, Berlin, Heidelberg. 1069 
Pratt, B.R., 1998. Probable predation of Upper Cambrian trilobites and its relevance for the 1070 
extinction of soft-bodied Burgess Shale-type animals. Lethaia 31, 73-88. 1071 
Pratt, B.R., 2001a. Oceanography, bathymetry and syndepositional tectonics of a Precambrian 1072 
intracratonic basin: integrating sediments, storms, earthquakes and tsunamis in the Belt 1073 
47 
 
Supergroup (Helena Formation, c. 1.45 Ga), western North America. Sedimentary Geology 1074 
141-142, 371–394. 1075 
Pratt, B.R., 2001b. Septarian concretions: internal cracking caused by synsedimentary 1076 
earthquakes. Sedimentology 48, 189–213. 1077 
Pratt, B.R., 2002. Storms versus tsunamis: Dynamic interplay of sedimentary, diagenetic, and 1078 
tectonic processes in the Cambrian of Montana. Geology 30, 423–426. 1079 
Pratt, B.R., Bordonaro, O.L., 2007. Tsunamis in a stormy sea: Middle Cambrian inner shelf 1080 
limestones of western Argentina. Journal of Sedimentary Research. Journal of Sedimentary 1081 
Research 77, 256–262. 1082 
Puga-Bernabéu, A., Martín, J.M., Braga, J.C., 2007. Tsunami-related deposits in temperate 1083 
carbonate ramps, Sorbas Basin, southern Spain. Sedimentary Geology 199, 107-127. 1084 
Saltzman, M.R., 1999. Upper Cambrian carbonate platform evolution, Elvinia and Taenicephalus 1085 
zones (pterocephaliid–ptychaspid biomere boundary), northwestern Wyoming. Journal of 1086 
Sedimentary Research 69, 926–938. 1087 
Saltzman, M.R., Young, S.A., 2005. Long-lived glaciation in the Late Ordovician? Isotopic and 1088 
sequence-stratigraphic evidence from western Laurentia. Geology 33, 109–112. 1089 
Schramm, T.J., 2011. Sequence stratigraphy of the Late Ordovician (Katian), Maysvillian Stage of 1090 
the Cincinnati Arch, Indiana, Kentucky, and Ohio, U.S.A., Department of Geology. University 1091 
of Cincinnati, Cincinnati, Ohio, p. 215. 1092 
Scotese, C.R., 1990. Atlas of Phanerozoic Plate Tectonic Reconstructions. International Lithophase 1093 
Program (IUU-IUGS), Paleomap Project Technical Report 10-90-1. 1094 
Scotford, D.M., 1965. Petrology of the Cincinnatian Series shales and environmental implications. 1095 
Geological Society of America Bulletin 76, 193-222. 1096 
48 
 
Teichert, C., 1958. Concepts of facies. Bulletin of the American Association of Petroleum 1097 
Geologists 42, 2718-2744. 1098 
Tobin, R.C., Pryor, W.A., 1981. Sedimentological Interpretation of an Upper Ordovician carbonate-1099 
shale vertical sequence in Northern Kentucky, in: Roberts, T.G. (Ed.), Geological Society of 1100 
America, 1981 Annual Meeting Field Trip Guidebooks. Volume I: Stratigraphy and 1101 
Sedimentology. American Geological Institute, Falls Curch, Virginia, pp. 1-10. 1102 
Tobin, R.C., 1982. A Model for Cyclic Deposition in the Cincinnatian Series of Southwestern Ohio, 1103 
Northern Kentucky, and Southeastern Indiana. University of Cincinnati, Cincinnati, Ohio, p. 1104 
483. 1105 
Tomašových, A., Fürsich, F.T., Olszewski, T.D., 2006a. Modeling shelliness and alteration in shell 1106 
beds: variation in hardpart input and burial rates leads to opposing predictions. 1107 
Paleobiology 32, 278–298. 1108 
Tomašových, A., Fürsich, F.T., Wilmsen, M., 2006b. Preservation of Autochthonous Shell Beds by 1109 
Positive Feedback between Increased Hardpart-Input Rates and Increased Sedimentation 1110 
Rates. Journal of Geology 114, 287–312. 1111 
Vogel, K., Brett, C.E., 2009. Record of microendoliths in different facies of the Upper Ordovician in 1112 
the Cincinnati Arch region USA: The early history of light-related microendolithic zonation. 1113 
Palaeogeography, Palaeoclimatology, Palaeoecology 281, 1-24. 1114 
Walker, K.R., Alberstadt, L.P., 1975. Ecological Succession as an Aspect of Structure in Fossil 1115 
Communities Paleobiology 1, 238-257. 1116 
Webber, A.J., 2002. High-resolution faunal gradient analysis and an assessment of the causes of 1117 




Weir, G.W., Peterson, W.L., Swadley, W.C., Pojeta, J.J., 1984. Lithostratigraphy of Upper 1120 
Ordovician strata exposed in Kentucky. United States Geological Survey Professional Paper 1121 
1151-E. 1122 
Weiss, R., Bahlburg, H., 2006. A note on the preservation of offshore tsunami deposits. Journal of 1123 
Sedimentary Research 77, 1267–1273. 1124 
Wilkinson, B.H., Drummond, C.N., 2004. Facies mosaics across the Persian Gulf and around 1125 
Antigua—stochastic and deterministic products of shallow-water sediment accumulation. 1126 
Journal of Sedimentary Research 74, 513–526. 1127 
Wilson, M.A., 1985. Disturbance and Ecologic Succession in an Upper Ordovician Cobble-Dwelling 1128 
Hardground Fauna. Science 228, 575-577.1129 
50 
 
Figure Captions 1130 
Figure 1. Study area maps. A) Regional paleogeographic map showing the study area in context. 1131 
Thin arrows are inferred storm tracks. Thick arrows represent possible sediment transport routes 1132 
from the Taconic Hinterland. B) Location map showing boreholes, individual outcrops, cross 1133 
section lines, depositional thickness of the lower Cincinnatian sediments (shaded: modified from 1134 
Hohman 1998), paleoenvironments (gray lettering), and the Ordovician outcrop region. Boreholes 1135 
with geophysical logs (Fig. 9) include Indiana permits 97131, 32709, 39099, 30922, Welch #1, 1136 
21420, and Ohio permit Brisbin #1. Boreholes with core samples (Figs. 9, 10, 11 and 12) include 1137 
Indiana wells WLS (Wells County Core), WCO (Wayne County Core), MRN (Marion County Core), 1138 
NSQ (New Point Stone Quarry Core), and Ohio wells ELK (Elkhorn Core), OXF (Oxford Core), RLY 1139 
(Reilly Core), LBY (Liberty Core). Outcrops (Figs. 10, 11, 12) include Indiana outcrop LB48 1140 
(Lawrenceburg State Highway 48), Ohio outcrops MTN (Miamitown), MAF (Mt Airy Forest), CHS 1141 
(Christ Hospital), SIP (Sharonville Industrial Park), Kentucky outcrops CRR (Carrollton Railroad Cut), 1142 
FLM (outcrops south of Flemingsburg), and PTL (Point Leavell).  1143 
Figure 2. Stratigraphic column of the study interval. Borehole gamma ray log with increasing 1144 
radioactivity to the right; generalized lithology column showing intervals dominated with white 1145 
representing intervals dominated by limestone and dark gray representing intervals dominated by 1146 
mudstone; gray scale mudstone percentage column showing averaged lithology interpreted from 1147 
log with white representing uninterrupted limestone, black representing uninterrupted mudstone, 1148 
and different grays representing different proportions of interbedded limestone and mudstone; 1149 
and selected fossils with robust shallow-water forms on the left (light background), progressing to 1150 
delicate deep-water forms on the right (dark background), boxes represent intervals of particular 1151 
abundance, lines represent presence.  1152 
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Figure 3. Photos of selected outcrops (Fig. 1B) showing lithologic succession from the uppermost 1153 
Kope through lower McMillan Formations. A) Christ Hospital in Cincinnati; (CHS) B) Clifton Avenue 1154 
in Cincinnati; (CFN) C) Railroad cut near Carrollton, Kentucky (CRR) D) Road cut on Indiana 48 near 1155 
US 50 at Lawrenceburg, Indiana (LB48).  1156 
Figure 4. Schematic diagram showing two phases of tempestite development on a vertically 1157 
exaggerated ramp. Actual gradient is estimated at 1/10,000. A) Shell bed-dominated phase during 1158 
low sea-level when storm wave base is below much of the sea-bed. B) mud-dominated phase 1159 
during high sea-level when storm wave base is above much of the seafloor. The two phases are 1160 
identical except for the shift in position on the ramp. Water level is represented by solid horizontal 1161 
line, fair weather and storm wave bases are represented by horizontal dashed lines, as labeled. 1162 
Mud is shaded, shell beds are left unshaded, and both are labeled.  1163 
Figure 5. Schematic facies-time diagram showing the predictions of the tempestite proximality 1164 
model of shell-bed genesis on a ramp that deepens to the left. Storm winnowing is controlled by 1165 
sea-level fluctuations represented by the sinusoidal curve to the right of the diagram (LSL = low 1166 
sea level; HSL = high sea level). Black represents fair-weather "background" sedimentation and 1167 
gray gradient bars represent tempestites with shelly (white) proximal ends and muddy (dark gray) 1168 
distal ends. Higher intensity storms are represented by longer bars. Amalgamated shell beds are 1169 
represented by uninterrupted white. Intertidal to supratidal facies is represented by dashed 1170 
pattern. The solid cross-hatching is non-deposition.  1171 
Figure 6. Schematic diagram showing two phases of climate driven, and two phases of sea-level 1172 
driven episodic starvation cycles. A) Shelly phase grows in place during periods of starvation. B) 1173 
Muddy phase deposited during sedimentation events. C) Shelly phase grows in place during 1174 
periods of sea-level rise during which sediments are trapped proximally leading to sediment 1175 
starvation and carbonate growth distally. D) Muddy phase deposited subtidally during periods of 1176 
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sea-level highstand, fall, and lowstand when nearshore sediments are eroded and redeposited 1177 
distally. Water level, fair-weather wave base, storm wave base and lithologies marked as in Figure 1178 
4. 1179 
Figure 7. Schematic facies-time cross section showing the predictions of the sea-level driven 1180 
episodic starvation model of shell-bed genesis on a ramp that deepens to the left. Sea-level is 1181 
represented by sinusoidal curve (Fig. 5), showing how hemicycles are coincident with transgressive 1182 
and regressive phases. The regressive-phase siliciclastic hemicycle is represented by a series of 1183 
frequent depositional events, each of which fines in the distal direction from silt-dominated 1184 
(medium gray) to clay dominated (black) sediments. Some, but not all events reach the distal 1185 
extent of the diagrammed ramp. Between events (in the background), carbonate growth is faster 1186 
in shallower water (white on the right) and slower, non-existent, or negative (net carbonate 1187 
destruction) in deeper water (darkening hatch pattern to the left) where long periods of starvation 1188 
encourage the accumulation of phosphate (granular pattern). The transgressive-phase carbonate-1189 
dominated hemicycle is characterized by the same events, only there are fewer of them and less 1190 
of them reach the distal end of the ramp. Carbonate, which grows in the relatively long periods of 1191 
starvation between these events, has a higher micrite content proximally in shallower water (light 1192 
gray), and becomes cleaner in deeper water down-ramp (white). Peritidal deposits are dominated 1193 
by laminated dolomitic siltstone  1194 
 Figure 8. Facies/Cycle photos showing meter-scale exposures (Fig. 1) from the Kope through 1195 
McMillan Formations approximately in order of decreasing depth and increasing proximality. A) 1196 
Stream exposures below Carrollton Railroad cut (CRR) Taylor Mill/Southgate/Kope Formation 1197 
showing prominent thick grainstones separated by long intervals of mudstone. B) Lawrenceburg 1198 
Indiana Highway 48 cut (LB48) lower Fairview Formation mudstone dominated siliciclastic phase 1199 
with thin stringers of packstone and siltstone punctuated by carbonate phases of thicker 1200 
53 
 
grainstones. C) Carrollton Railroad Cut (CRR) Mt Hope Member of the Fairview Formation (The 1201 
geologist’s hand is at the upper contact of the Wesselman tongue) showing thin planar bedded 1202 
packstones interbedded with mudstones as the muddy phase punctuated by thicker 1203 
grainstones/packstones representing the carbonate phase. D) Sharonville Industrial Park 1204 
(Sharonville Fossil Park SIP) Miamitown Shale Fairmount showing limestone-dominated rubbly-1205 
bedded to shelly silt intervals separated by muddy intervals of less fossiliferous siltstone and 1206 
mudstone. E) Flemingsburg, Kentucky (FLM) McMillan Equivalent Grant Lake Limestone showing 1207 
rubbly thin-bedded interbedded fossiliferous mudstone and limestone punctuated by slightly 1208 
thicker beds of packstone or grainstone-the a subtle hint of meter-scale cyclicity. F) Point Leavell 1209 
(PTL) Miamitown-equivalent Tate Member of the Ashlock Formation showing thin-1210 
bedded/laminated dolomitic siltstone with mud cracks punctuated by planar truncation surfaces. 1211 
Figure 9. Log correlation diagram. (Fig. 1) showing correlation of the Kope through McMillan 1212 
interval from the Cincinnati outcrop area into the subsurface interpreted from geophysical 1213 
borehole logs (Fig. 2). The top of the Bellevue serves as datum. Vertical lines are boreholes labeled 1214 
along top margin (Fig. 2) Intervals marked by vertical rectangular boxes are digitized core logs 1215 
featured in Figure 10. Dashed white lines are carbonate beds marking tops of big shales. White 1216 
areas are predominantly limestone, gray areas equal parts limestone and mudstone and dark gray 1217 
areas predominantly mudstones.  1218 
Figure 10. Lithologic Curve Correlation with top of Bellevue as datum. A) North-South correlation 1219 
from Cincinnati, Ohio to Wayne County Indiana (Fig. 1). B) East-West correlation from Cincinnati, 1220 
Ohio to Indianapolis, Indiana (Fig. 1). Curves were generated by digitizing cm-scale core and 1221 
outcrop logs from selected boreholes and outcrop localities and then calculating a one-meter 1222 
running average of percentages of lithologic classes(from left to right): grainstone (white), micritic 1223 
grainstone to washed packstone (light gray), micrite-rich packstone through fine-grained 1224 
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carbonates and fossiliferous shales (dark gray), silt and mud (black). Gray background swaths show 1225 
interval of detailed correlation (Figs. 11, 12).  1226 
Figure 11. Cycle correlations of North-South transect (Fig. 10A; intersection MTN highlighted) 1227 
showing correlation of Fairmount ledges 5, 6, 7, Miamitown Shale, and Lower part of the Bellevue 1228 
Member. Lithologies of beds as small as 1 cm are shown, represented by profile (Fig. 12). Profile 1229 
stops are labeled at the bottom of each column: Sh = mudstone (black), Slt = siltstone (gray) or 1230 
fossiliferous mudstone (patterned), M = Micrite, W = Wackestone, half-way point = "calcisiltite" 1231 
(patterned) and "muddy packstone" (this is a packstone with no spar; no pattern), P = Packstone 1232 
(about 10% spar), half-way point = "washed packstone” (or “poorly washed grainstone”), G = 1233 
Grainstone.  1234 
Figure 12. Cycle correlations of East-West transect (Fig. 10B). See Figure 11 caption for symbols. 1235 
The lithologies of certain strata in the Marion County Core (MRN) are labeled to help clarify 1236 
lithologic symbols. 1237 
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